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INTRODUCTION 

NUCLEAR FISSION 

In the three decades that have elapsed since Otto Hahn and 

Fritz Strassman (1) discovered nuclear fission in 1939, the world 

has seen a virtual explosion in the development of nuclear science 

and technology. Nuclear weapons and atomic power generation are now 

realities. The nuclear reactor has proven to be a most valuable 

tool for the study of nuclear reactions and crystal structures, for 

the synthesis of new elements, and for the production of a host of 

useful radioisotopes. Yet the phenomenon of nuclear fission itself 

is still not completely understood. 

Nuclear fission is the splitting of a heavy nucleus, such as 

238u , · two me ~um-we~g· h t f ragments p us severa 1 f~nto d" 1 ree neu t rons. 

This process releases a large amount of energy--about 200 Mev per 

fission. The free neutrons can initiate further fissions, and with 

235 233 239
highly fissionable nuclides such as u, u, or Pu, a self-

sustaining reaction can be set up providing a tremendous output of 

power from a relatively small quantity of fuel. Fission is known to 

occur, to a greater or lesser extent, in most of the heavy elements. 

It can be induced by bombardment with neutrons or high energy charged 

t . 1 "t l such · 238u 252 cfpar 1c es, or ~ can occur spontaneous y, as ~n or , 

by means of barrier penetration. Insight into the fission process 

1 
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can be gained by detecting the various fission products and tneasuring 

their frequencies of occurrence, kinetic energies, and other properties. 

This thesis describes measurements of cumulative krypton and xenon 

yields from the fission of neptunium. This gives information on the 

distribution of mass in fission. Measurements of independent bromine 

and iodine yields from a number of fissioning species are also described. 

This is related to the problem of nuclear charge distribution in 

fission. 

In order to clarify some of these terms, let us consider the 

history of the massive fission fragments after their final separation 

in fission. The two fragments immediately repel one another and 

attain high kinetic energies. Being a highly excited state, each 

fragment then emits one or two prompt neutrons followed by several 

y-rays. Since the neutron-to-proton ratio of the fissioning nucleus 

is considerably higher than that of stable medium-weight nuclides, the 

fission fragments will generally have an excess of neutrons even after 

prompt neutron emission has occurred. They must still undergo several 

P,-decays in order to reach stability. An example of this sequence of 

133
events is shown in Fig. 1. The newly-formed fragment, sn, first 

of all emits a prompt neutron and several y-rays. The resulting 

l .d I32snuc L e, n, then undergoes a succession of ~-decays until the 

132
stable xe is formed. Such a series of isobaric nuclides is called 

a mass chain. 

132
A fission product nuclide such as r can be formed either 
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Highly Excited COMPLEMENTARY 
FRAGMENTcl33sn)* 

neutron 

and emission 

2.2-min·~32sa f3 ) 2.1-min 132sb 13 
decay decay ) 

-~13--~) 2.3-hour 132r /3
decay decay ) 

Fig. 1. A typical fission product mass chain. 
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directly from fission or indirectly from the ~-decay of fission 

product prec~rsors. The primary or independent yield of a certain 

nuclide is defined as the probability per fission, usually expressed 

as a percentage, that that particular nuclide will be formed directly 

in fission. This refers to the abundance of the nuclide after prompt 

neutron emission, but before any ~-decays have occurred. The 

cumulative yield of a certain mass chain is the sum of all the 

independent yields along that chain. Expressed in another way, the 

cumulative yield refers to the probability of a given partition of 

nuclear mass, whereas the independent yields along a given mass 

chain refer to the various partitions of nuclear charge at that mass 

number. 

For illustrations of the preceding definitions, consider the 

132 mass chain in Fig. 1. After a few weeks, all the chain members 

132will have decayed to stable Xe. A measurement of the abundance 

of this nuclide then gives the cumulative yield at mass number 132. 

132
On the other hand, if the 2.3-hour 1 is isolated before significant 

132 132
decay of the 78-hour Te, then the measured abundance of 1 gives 

the independent yield of that nuclide. This quantity divided by the 

cumulative yield at mass 132 gives the fraction of the 132 chain 

formed initially with nuclear charge (atomic number) 53. 

A study of fission yields, then, divides itself naturally 

into considerations of cumulative yields (mass distribution) and 

independent yields (charge distribution). 
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CUMULATIVE YIELDS 

Radiochemistry and the Mass Yield Curve 

All the earlier fission yield data were obtained by radio­

chemical methods. Basically, the sample, which has undergone fission, 

is first dissolved. In order to recover the minute amounts of fission 

products, an inactive carrier of the particular element to be studied 

is added to the solution. Carrier and "tracer" together are then 

extracted by standard chemical techniques. The radioactive fission-

product isotopes are identified and their abundances measured by 

radioactive counting. 

With the development of high resolution counting equipment 

and refined techniques, radiochemistry is still a valuable tool in 

fission product studies. However, its overall accuracy is limited to 

about 10 percent because of uncertainties in half-lives and counting 

efficiencies, and also because of incomplete chemical separations. 

The scatter of mass yield data thus obtained is such that only a 

smooth curve can be drawn through the experimental points. 

The radiochemical cumulative yield curve from the thermal 

2351ss1on u 1s h 1nneutron f · · of · s own · F · 1g. 2 (2) . This i llus tra tes 

the general asymmetric character of the mass distribution. The two 

peaks are centred about mass numbers 139 and 95, although yields 

have been observed all the way from mass 72 to 164. As the mass of 
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Fig. 2. Early radiochemical data(2) on the cumulative yields 

from the thermal neutron fission of 235u. 
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the fissioning nuclide increases, the heavy mass peak remains more 

or less fixed in position while the light mass peak shifts to 

progressively higher mass numbers (3). The peak-to-valley ratio 

is taken as an indication of the relative occurrence of asymmetric 

versus symmetric splitting. In the case of thermal neutron fission 

235of u, this ratio is about 600 to 1. As the energy of the bombard­

ing neutrons increase, symmetric fission becomes more probable. 

For 14 Mev neutrons, the peak-to-valley ratio is 6 to 1 (4). 

The Mass Spectrometer and Fine Structure 

The mass spectrometer offers a considerable improvement in 

the precision of fission yield determinations. It can measure the 

relative abundances of the isotopes of a certain element to within 

0.1 percent. If this element is fission-product xenon, for example, 

then the 131, 132, 134 and 136 isotopes represent the stable end-

products of four mass chains. Thus the relative yields at these 

mass numbers are obtained immediately. Absolute yields can be 

determined from the relative yields by using the techniques of isotope 

dilution or normalization. 

The first mass spectrometric determinations of fission yields 

were carried out by Thode and Graham (6) at McMaster University. 

They analyzed the rare gases xenon and krypton produced in the thermal 

235 134neutron fission of u and obtained a xe yield that lay 35 percent 

above the smooth radiochemical mass yield curve. This fine structure 

at mass 134 has also been observed in the thermal neutron fission of 
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239 241 242 233Pu (7), Pu (8), 241Am (9), and Am (9), but not u (10). 

238In the fission of u (11) by fission spectrum neutrons, the fine 

structure appears to be shifted toward lower mass numbers. On the 

84light mass peak, the yields of Kr are abnormally high in most of 

the fission reactions studied (10, 11, 12, 13). There are, of 

course, .instances of fine structure in other regions of the mass 

yield curve, but this thesis will be primarily concerned with yields 

in the 128-136 and 80-86 regions. Fig. 3 shows the complete mass 

yield curve for 235u thermal neutron fission taken from recent mass 

spectrometric data (14). 

Fine structure in the mass yield curve can result in two ways: 

(1) A preference in the fission act itself for fragments with certain 

closed-shell configurations would tend to produce abnormally high 

yields at some mass numbers. 

(2) A variation in the number of post-fission neutrons emitted from 

different fragments would give rise to local fluctuations in the 

cumulative yield curve. 

Clendenin (15) made use of the second approach in an attempt 

to explain the high yields in the vicinity of mass 134. He suggested 

that fragments left with 83 neutrons after the usual prompt neutron 

emission would tend to evaporate an extra neutron in order to achieve 

23582-neutron s he f · or · 1n u f 1ss i on,an 11 · F 1nstance, ·con. 1gurat1on. · 

135
the most probable fragment normally produced at mass 135 is Te 

(83-neutrons). In the Clendenin scheme, this nuclide would boil off 
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from the thermal neutron fission of u. 
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an extra neutron to enrich the 	134 chain. On the other hand, the most 

134probable fragment at mass 134, Te (82 neutrons), would resist 

emitting an extra neutron. Thus the 134 yield would be greatly 

augmented. The difficulty with thishypothesis is that it predicts 

a depression of the 135 yield equal to the enhancement at mass 134. 

The observed 135 yield is not abnormally low. 

Wiles et al. (16) proposed that the anomalously high yield 

at mass 134 results from a preference in the fission act itself for 

an 82-neutron shell configuration. The discovery of a similar high 

235yield at the complementary mass number of 100 in u fission (17) 

. h" h h . H . 239p f" .seems to substant~ate t ~s ypot es~s. owever, ~n u ~ss~on, 

the yields at mass numbers complementary to 134 do not lie above 

the smooth curve (18). 

Farrar and Tomlinson (19) proposed another explanation of 

the fine structure after a careful study of the cumulative yield 

235 f .curve of U iss~on. They concluded that the number of neutrons 

emitted per fission decreases sharply in going from mass 144 to mass 

132. If this decrease in neutron emission were associated with the 

heavy fragment, then one would expect a piling up of yields in the 

136-132 region. This explanation avoids the difficulty of the 

Clendenin mechanism by not requiring a depression of the observed 

yield at a higher mass number. 

The Farrar-Tomlinson explanation receives additional support 

from experimental results taken by other means than mass spectrometry. 

The prompt mass yields, i.e., yields before neutron emission has 
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occurred, have been measured by simultaneous detection of the fission 

fragments with energy sensitive detectors. Figure 4 shows the 

235
prompt yield curve of the heavy fragments from u fission (20). 

The mass spectrometric data on the cumulative yields are also shown 

for comparison. The prompt yield curve is quite smooth, indicating 

that the fine structure in the cumulative yield curve is the result 

of post-fission neutron emission. From the differences between these 

two curves, Terrell (21) has calculated the average number of neutrons 

emitted at each mass number. His neutron emission curve is also 

shown in Figure 4. 

Figure 5 shows the neutron emission curve measured directly 

235by Apalin et al. (22) for u fission. It agrees well with Terrell's 

calculated curve. A close examination of these curves shows that 

the pronounced fine structure at mass 134 in the cumulative yield 

curve is generated by a modest change in the slope of the neutron 

emission curve between mass numbers 134 and 136. In conclusion, it 

now seems that fine structure in the cumulative yield curve results 

mainly from fluctuations in the neutron emission characteristics of 

the fragments, although closed-shell effects in the fission act 

itself may play a small part. 
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235

of u. The solid line represents the prompt mass yield data 

of Fraser and Milton (20). The dots represent Terrell's 

calculations (21) for the number of prompt neutrons emitted at 

each mass number. For comparison, the cumulative yield data from 

Katcoff (23) are shown as crosses. 
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Irregularities in the cumulative yield curve can also result 

from chain-branching due to delayed neutron emission, or from neutron 

capture on certain fragments. A fission product may emit a delayed 

neutron if the ~-decay of its precursor leaves it in a highly 

89
excited state. For example, 15 percent of 	the 4.4-second Br formed 

89
in fission 0-decays to an excited state of Kr \vhich immediately 

emits a neutron. This considerably alters the observed 88 and 89 

135yields. The fission fragment Xe has an 	extremely large neutron 

capture cross section (2.7 million barns). Thus, if a sample is 

136irradiated in an intense neutron flux, the observed Xe yield is 

considerably enhanced. One usually makes corrections for these two 

effects, rather than regarding them as instances of true fine 

structure. 

INDEPENDENT YIELDS 

Most of the primary fission products have half-lives of a few 

minutes or less. Hence independent yield measurements must be carried 

out quickly, usually by radiochemical methods, and thus are often 

inaccurate. However, if a fission product nuclide happens to be 

sl1ielded from ~-decaying precursors by a stable nuclide, then its 

independent yield can be accurately measured by means of a mass 

130spectrometer. An example occurs in the 130 mass chain, where r 
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130
is shielded by stable Te: 

t3 . 1308 --7~ 130 	 130 l2 . 6-m1n n 7' 7.1-min Sb --~) [_stable TeJ 

130	 13 13012-h 1 > [stable xe] 

. 	 130
Here the total y1eld of Xe is equal to the sum of the independent 

130 130
Y1'elds 	of 1 and xe. However, · the · of t abl nuc 1 es, 

the independent yields fall off very rapidly with increasing atomic 

130 

1n 	 reg1on s e l'd 

number 	<1nd the independent yield of xe is less than one percent 

130
Of t tle 1 y1'el.d. Hence, 'f suff' · t1me · a 11 d f or he dt 1 1c1ent · 1s owe t ecay 

130 130
of 12-hour I, then the measured abundance of stable Xe gives, 

130quite accurately, the independent yield of the shielded nuclide r. 

For most fission product mass chains, the independent yields 

of only one or two members have been measured. The available data 

indicate that in the act of fission the nuclear charge is distributed 

along a given mass chain according to a Gaussian function of the 

following form: 

1
P(Z) 	 exp

1 
2 

[­
(ere) 

P(Z) is the probability of forming a fragment with atomic number Z 

at a given mass number. This expression is normalized so that if the 

yields at all values of Z along the given mass chain are summed, 

the result is unity. The quantity c is related to the standard 
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deviation a- of the individual yields by the following equation: 

Usually, c is assumed to be constant for all mass chains, and is 

obtained from a best fit to several chains. 

The most probable charge, Zp, is usually fractional and 

varies with the mass number, A. Generally, some postulate is made, 

either on theoretical or else purely empirical grounds, in order to 

calculate Zp as a function of A. If the constant c is known, then 

just one accurately measured independent yield on a given mass chain 

is sufficient to test a zp postulate. The most important zp postulates 

have been the following: 

(1) Uniform Charge Distribution (UCD) 

It might be expected that the most probable division of nuclear 

charge in fission would leave both fragments (before neutron evapora­

tion) with the same charge density as the parent nucleus. In this case 

where Zf and Af refer to the parent nucleus. Actually, the experimental 

data indicate that the light fragment receives slightly more of the 

nuclear charge than the uniform charge distribution hypothesis would 

predict. This is not surprising, since stable light fragments hav.e 

higher charge densities than stable heavy fragments. Nevertheless, the 
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uniform charge distribution postulate is useful in explaining the 

variation in ZP at a given A for different fissioning nuclides. 

(2) 	 Equal Charge Displacement (ECD) 

In 1949, Glendenin, Coryell and Edwards (24) were able to 

account for most of the independent yield data then available by 

assuming that, for a given mass split, the most probable charge, Zp, 

is displaced from the most stable charge, ZA, by equal amounts on 

both fragments. This can be expressed as 

zp * - zA* 

where the asterisk refers to the complementary fragment. Since 

nuclear charge must be conserved, 

zp + zp * = 

• 	 = . . 
Zf is the atomic number of the fissioning nucleus. ZA, the most stable 

charge at mass A, is usually fractional and can be calculated from a 

semi-empirical mass equation. Pappas (25) later extended this treat­

ment by including shell effects in the calculation of ZA, and obtained 

better agreement with experimental data. It should be noted that the 

mass number A and its complementary mass number refer to the 

fragments before prompt neutron emission has occurred. Hence, in 

order to make exact calculations of independent fission yields, 

one must have a knowledge of the number of prompt neutrons emitted 
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as a function of fragment mass. 

(3) Maximum Total Energy Release 

species. They found that although the I yields could be accounted 

In 1956 Kennett and Thode (26) measured the independent yields 

of the shielded nuclides 
128

I and 
130

I from a number of fissioning 

130

128
for by equal charge displacement, the I yields were too high by 

as much as a factor of 50. The two authors suggested that nuclear 

shell effects might influence the most probable charge, Zp, as well as 

the most stable charge, ZA. In order to calculate ZP as a function 

of A, they postulated that the most probable mode of fission is that 

which gives the maximum release of total energy. Now the energy 

release in fission is equal to the so-called "mass deficit", i.e., 

the difference in mass between the fissioning nucleus and fission 

products. In symbolic terms, 

M refers to the mass of the nuclear species contained in brackets 

and l/is the average number of neutrons emitted in fission. The 

most probable charge, Zp, is that value of Z which maximizes the 

expression for E. The masses of short-lived primary fission products 

cannot be measured directly. Kennett and Thode calculated these 

masses from a formula by Kumar and Preston (27) which includes shell 

235
effects. The resulting ZP function or u fission is shown in Fig. 6. 

The equal charge displacement (ECD) prediction for Zp is shown as a 



ZP 

u235 

Z=50 

126 128 130 132 134 136 
MASS NUMBER 

Fig. 6. The most probable charge, Z , calculated by the postulate of maximum energy release 
p 

as a function of mass number. Also shown for comparison is the most probable charge calculated 

1-' 
by the postulate of equal charge displacement (ECD). 1.0 
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solid line for comparison. Notice how the ECD line dips below the 

50-proton shell at mass 128, while the maximum energy release curve 

remains above this shell. This upward shift in the value of Zp is 

128sufficient to account for the high yields of I. 

Alexander and Coryell (28) applied the maximum energy release 

postulate of Kennett and Thode to calculate Zp for the entire mass 

range. They found that generally these Zp values gave poorer agree­

ment with experiment than did the original ECD predictions. Never­

theless, this approach does indicate the importance of shell effects 

in nuclear charge distribution. 

(4) Maximum Excitation Energy 

More recently, Wing and Fong (29) have applied the statistical 

theory of fissio~to nuclear charge distribution. Utilizing their 

own nuclidic mass formula, they deduced the values of ZP that 

maximize fragment excitation energies over the entire mass range of 

235 252fission products for U and cf fission. They then showed that. 

their predicted Zp values give a smaller root-mean-square deviation 

from experimental data than do most other schemes of charge distribution. 

It must be emphasized, however, that no theory of charge distribution 

gives complete agreement with all independent yield data. 

In 1962 (30), and more more recently in 1966 (31), A. C. Wahl 

and co-workers, using refined radiochemical techniques, were able to 

* See next section on Theories of Fission. 
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obtain two or three good independent yield measurements for each of 

235
d ~ · ff ch · ~n u fission. Their results confirmed 

that the distribution of nuclear charge in fission is best represented 

by the Gaussian function discussed previously. Within the limits of 

experimental error, they also found that distribution width, c, is 

indeed constant, as assumed in earlier treatments. These authors (30) 

applied their derived value of c to many other mass chains, each 

with only one known independent yield, and calculated the most 

probable charge, ZP' for these mass numbers. They then derived an 

empirical Zp(A) function which is useful for testing theories of 

charge distribution and also for calculating independent yields in 

regions where experimental data are unavailable. 

In 1966, P. 0. Strom et al. (32) measured three independent 

yields at each of the mass numbers 131, 132, and 133. They fitted 

these data with a Gaussian distribution and found that c, rather 

than being constant in this region, decreased monotonically with 

mass number. The differences in their respective values of c were 

much too large to be attributed to experimental error. These results 

do not necessarily contr:1dict Wah1' s data, however, because the 

latter were taken in diffe·rent regions of the mass yield curve. 

Recently, E. Konecny et al. (33) have reported a method, 

involving f)-counting, which gives the entire charge distribution 

curve at each mass number. These authors obtained distribution curves 

in the mass range 132-137 which are not gaussian but skewed. However, 

many refinements are needed 'in this technique before it can compete 

with the accuracy of older methods. 

ten erent mass a~ns · 
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THEORIES OF FISSION 

A complete theory of fission should explain the observed 

cumulative and independent yields described in the previous sections. 

It should also account for the kinetic energies, angular correlations, 

and excitation energies of all the fission products. Such a theory 

is far from being realized. The extreme complexity of fission 

precludes a complete solution of the dynamics of the fissioning 

nucleus. However, a number of simplified models have been proposed 

in order to explain the main features of the fission process. 

Some of the more important models are described here. 

The Liquid Drop Model 

Shortly after the discovery of fission, Bohr and Wheeler (34) 

suggested an analogy between the nucleus and a charged liquid drop. 

The "surface tension" which holds the drop together is provided by 

the strongly attractive nuclear forces. At the same time, the 

positive nuclear charge provides a repulsive coulomb force which 

tends to break up the nucleus into smaller droplets. The magnitude of 

the coulomb repulsion energy increases rapidly with nuclear size 

until it becomes equal to the surface tension energy. Nuclei with 

sizes greater than this critical size are unstable with respect to 

235spontaneous disintegration. For heavy nuclei like u, the surface 

tension energy is only slightly greater than the coulomb energy. 

All that is required to produce fission is a small excitation, which 
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can be provided merely by the binding energy gained in capturing a 

thermal neutron. This excitation energy manifests itself as 

oscillations in the nuclear shape. If the resulting distortion 

passes a certain critical point (the saddle point) the long range 

coulomb forces become dominant, causing the nucleus to split into 

two distinct fragments, which now repel one another and attain high 

kinetic energies. 

Although this model gives us a qualitative understanding of 

fission and explains the relative stabilities of heavy nuclei, it 

fails to account for the predominantly asymmetric mass split in 

fission. To obtain a better explanation, one must consider the 

internal structures of the fissioning nucleus and resulting fragments. 

Statistical Theory 

The heavy mass peak of the cumulative yield curve occurs in 

the region of both the 82-neutron and the 50-proton shells. The 

further observation that this peak remains fixed as the fissioning 

nucleus is varied strongly suggests that nuclear shell structure 

is important in determining the division of nuclear mass. However, 

it is one thing to point out interesting correlations between ma~c 

numbers and mass distributions, and quite another thing to explain 

just how fragments, yet unformed, are able to influence the 

direction of the fission process. 
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In 1956 Fong (35) prdvided such an explanation with his 

statistical theory of fission. He postulated that the fission act 

occurs slowly enough to maintain thermodynamic equilibrium throughout 

the fissioning nucleus right up until the moment of scission. Thus 

the probability of obtaining a given set of fission fragments is 

proportional to the densities of internal excitation states of those 

particular fragments at the moment of scission. The density of 

states, W (E), is related to the internal excitation energy of the 
0 

fragments, E, by the following expression: 

W (E) c exp [ 2 (aE) 1/2]
0 

Fong obtains this excitation energy by subtracting the coulomb energy 

and deformation energy of the fragments from the total energy release. 

The parameters "c" and "a" are obtained from fits with neutron 

absorption data. 

Nuclei in the region of closed shells have lower ground state 

energies than thosefar removed from closed shells. Thus such closed-

shell nuclei, when they are formed in fission, will have slightly 

higher excitation energies. Now a small difference in excitation 

energy leads to a large difference in the density of states, and 

hence in the probability of formation. Thus, qualitatively at least, 

we see how the shell structure of the fragments can influence the 

fission process in favour of asymmetric splitting. More excitation 
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energy is available for the asynnnetric mode. 

235Fong carried out calculations for u fission and was able 

to reproduce the general asynnnetric shape of the observed mass 

distribution. However, attempts to apply his theory to other 

fissioning nuclides have not met with similar success (5). Also, 

it is now believed that the fissioning nucleus is very "cold" at 

the saddle point, i.e., only a few excitation states are available 

at this point. If this is so, then Fong's statistical expression 

for the density of states is no longer valid. 

Asymmetric Transition State 

A. Bohr (36) has proposed that the main features of fission 

are determined by the quantum state:_; of the nucleus at its saddle 

point rather than at the moment of scission. He argues that at the 

saddle point most of the excitation energy is present as deformation 

of the nuclear shape. Thus only a few internal excitation states 

are available to the compound fissioning nucleus, and these should 

resemble the low-lying states of the undeformed nucleus. Now 

even-even heavy nuclei show a 1 rotational band near the ground 

state. This negative parity band has been associated with a stable 

octupole deformation (see Johansson (37)) which is an asymmetric 

shape. If the fissioning nucleus were to pass through such a 

negative parity transition state, then the asymmetry of the mass 

split would be determined at this point. Angular correlation 
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measurements between the bombarding particle which inpuces fission 

and the recoiling fission fragments show that the compound nucleus 

passes through only a small number of transition states. Unfortunately, 

no angular correlation data are available on fission induced by thermal 

neutrons. 

This theory explains why symmetric fission becomes more 

probable as the energy of the bombarding particle is increased. At 

the higher excitation energy, more transition states become available 

to the compound nucleus, and the fission process is less dependent 

on the lower energy asymmetric states. Closed shell effects in the 

fragments may still play a part in the later stages of fission, as 

the compound nucleus descends from saddle point to scission. 

Whetstone Model 

Whetstone (38) has devised a model to account for asymmetric 

fission as well as for the saw-tooth variation of neutron emission as 

a function of fragment mass. (See Figures 4 and 5 on pages 12 and 13.) 

He represents the fissioning nucleus at its saddle point by an 

asymmetric dumb-bell shape, as shown in Figure 7. The two ends of 

the dumb-bell are nearly spherical, possibly influenced by shell 

structure. The neck is thin and rich in neutrons. The fragment, 

which after scission receives the major portion of the neck, will 

have a larger deformation energy and will emit more neutrons. 

In Figure 7 a mass split at position l corresponds to improbable 

symmetric fission. In this case most of the neutrons come from the 
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Fig. 7. The Whetstone model of the fissioning nucleus. 
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light fragment. The mass split .1t position 2, the thinnest point 

in the neck, corresponds to the most probable mode of fission. 

For the highly asymmetric split at position 3, most of the neutrons 

are emitted from the heavy fragment. 

Although none of the above models gives a complete 

explanation of all fission yield data, each offers some insight 

into the fission process. 

RARE GAS FISSION PRODUCTS 

Rare gases do not tend to form chemical bonds. For this 

reason the rare gas fission products can easily be extracted from an 

irradiated sample and introduced in pure form into a mass spectrometer. 

The 83, 84, and 86 isotopes of krypton and the 131, 132, 134, and 136 

isotopes of xenon represent the end products of seven mass chains 

produced in fission. In addition, the unstable 85, 87, and 88 

tgotopes of krypton and the unstable 133 and 135 isotopes of xenon 

give us, after appropriate corrections for partial decay, the 

cumulative yields of five more mass chains. These twelve mass chains 

represent over forty per cent of all fission products. The xenon 

yields lie on top of the heavy mass peak, where fine structure 

effects are most prominent. The krypton yields are on the low side 

of the light mass peak, and are very sensitive to small changes in 
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the position of this peak from one fissile nuclide to another. Thus, 

much valuable information about the mass yield curve can be obtained 

by studying the fission yields of the rare gases. 

A ~•ss spectrometric analysis of rare gas fission products 

can also provide accurate data on independent yields. The abundances 

80 82K l28x 130 o f Kr, r, and Xe represent the independent yields ofe' 

80 82 128 130
the shielded nuclides Br, Br, 1, and 1. Accurate 

measurements of such independent yields are necessary in order to 

test theories of nuclear charge distribution in fission. 

237 238
Cumulative Yields from the Fission of Np and Np 

Mass spectrometric determinations of the cumulative xenon 

and krypton yields have been carried out for the thermal neutron fission 

235 233 239 241 241
of u (6), u (10), Pu (7), Pu (8), Am (9), and 

242 238
Am (9), and also for the fast neutron fission of u (11) and 

232
Th (13). No work has been done as yet on the rare gas yields 

from the fission of neptunium, although this transuranium element 

was discovered in 1944. 

237
The longest-lived isotope of neptunium, Np, has a half-

life of 2.14 million years but its fission cross section for ther~•l 

neutrons is only 0.019 barns. However, when irradiated in a nuclear 

237 238 
reactor, Np captures neutrons to form Np (half-life= 2.10 days) 

which does have a large fission cross section for thermal neutrons 

237
(1600 barns). The isotope Np also undergoes fission with fast 
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neutrons, i.e., neutrons with energies in the Mev range. The 

neutron reactions of interest in neptunium are as follows: 

1. 2 barns
23 7 

Np + Fission 

0.019 + 0.003 barns 
+ ntherma-1------------------~~ Fission 

169 + 6 barns 
---~---~'-~ 238Np

nthermal 	 r 

half-life 2.10 dayf

"?' 238Pu + f> 


n 1600. + 100 barns)+ 
thermal 	 Fission 

The only data available on neptunium fission yields have 

been obtained by radiochemical methods. The first such investigations 

were carried out in 1957 by Ford and Gilmore (39), who measured the 

237
yields from the fission of Np by fission spectrum neutrons 

(average energy= 1.1 Mev). Coleman, Hawker, and Perkin (40) later 

studied the same reaction with 14.5 Mev neutrons. The mass yield 

curves from both investigations are quite similar to those resulting 

235 238 239
from the fission of u, u, and Pu by 	neutrons in the same 

237
energy range. More recently, the fission of Np by fission 

spectrum neutrons has been studied by I. S. Iyer et. al. (41) and 
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by R. Stella et al. (42). Their mass yields confirm the general 

trend that, as the mass of the fissioning nucleus increases, the 

heavy mass peak remains fixed while the light mass peak shifts to 

higher mass numbers. However, the precision of these radiochemical 

measurements is not great enough to reveal fine structure in the 

mass yield curve. 

No studies have been made of the yields from the fission 


237Np
Of by neutrons of t herma 1 energy, and no data at a 11 are 

available on the yields from 238~p fission. Accurate mass 

237sprectrometric analyses of the products from the fission of Np 

238and Np would increase our knowledge of how the mass yield curve 

differs from one fissile nuclide to another. This thesis describes 

such analyses. The cumulative xenon yields in the range of masses 

131 to 136 and the cumulative krypton yields in the range of masses 

83 to 88 have been measured for the thermal neutron fission of both 

237 238 237
Np and Np, as well as for the fission of Np by fission 

spectrum neutrons. Only the relative yields of xenon and krypton 

isotopes have been measured. Uncertainties in the fission cross 

sections and lack of information on yields in other regions of the 

mass yield curves have precluded accurate absolute yield determinations. 

The results are compared with those from other fissioning 

nuclides in order to clarify general trends in the mass yield curve. 
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80 82 128 d 130I f' V . F" .Independent Yields of Br, Br, I, an rom ar~ous ~ss~on 

Processes 

The first measurement of the independent yield of a shielded 

nuclide was reported by Feldman, Glendenin, and Edwards in 1945 (43). 

82
This was a radiochemical determination of the Br yield from the 

235
thermal neutron fission of u. A decade later Kennett and Thode 

(26, 44) were able to measure, by means of mass spectrometric 

analyses of rare gas fission products, the independent yields of 

80	 82 128 130
the four shielded nuclides Br, Br, 1, and I from the 

235 233 239 130fission of u, u, and Pu. They obtained I yields that 

were in reasonable agreement with predictions based on 	the postulate 

128
of equal charge displacement. However, they found the I yields 

to be 	higher than the predictions by as much as a factor of 100. 

128Since I can also be formed by neutron capture on any natural iodine 

that might be present in the fissionable material, it would be 

desirable to confirm these anomalously high yields by independent 

measurements. In addition, serious doubts have been cast on the 

80 82yields of Br and Br obtained by Kennett and Thode, because of 

the possibility of contamination by natural bromine or krypton. 

With the above considerations in mind, the independent yields 

80 82 128 130of the four shielded nuclides Br, Br, I, and I have been 

redetermined in the present work for the thermal neutron fission of 

82
Data have also been obtained for the Br, 
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128 130 238r, and r yields from Np fission, and an upper limit has 

. 126 235u f. .been set f or t he independent yie ld of I from ~ss~on. These 

yields have been obtained by mass spectrometric analyses of the 

respective xenon and krypton daughters of the shielded nuclides. 

Great care has been taken to eliminate natural contamination from 

the samples. 

The independent yield results are examined in terms of 

conventional charge distribution theories and also in terms of 

neutron emission effects from prompt fission fragments. 



EXPERIMENTAL PROCEDURE 

SAMPLE PREPARATION 

Uranium 

235 233
Both u and u were 	used in the study of independent 

235
bromine and iqdine yields. The u was obtained in the form of 

u o which was enriched to 93.18% in the 235 isotope. This
3 8 

compound was readily dissolved in warm, concentrated nitric acid. 

233
The u had been used in a previous experiment and was recovered 

from an ion exchange resin. Alpha counting showed this uranium 

233 
to be essentially pure U. 

It was necessary to reduce the natural bromine and iodine 

contamination in the uranium samples to a minimum. Neutron capture 

on the stable bromine and iodine isotopes leads to the formation 

80 82 128
of Br, Br, and I--nuclides whose independent yields were to 

be measured. For example, the neutron capture on one part natural 

235 80
bromine per million parts U would produce as much Br as is 

produced directly in fission. Twenty parts iodine per million 

235 128 
parts U would lead to an amount of I equal to that produced 

directly in fission. Thus purification procedures were developed 

for eliminating traces of natural bromine and iodine from uranium. 

Most of the samples were purified by hydrogen peroxide 

34 
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which precipitated the uranium from solution while leaving any 

bromide or iodide behind in solution. The uranium was first 

dissolved in nitric acid, and this solution was evaporated to 

dryness. The residue was dissolved in water, evaporated to dryness, 

and redissolved, etc., until a neutral solution of uranyl nitrate 

(U0 (N0 ) ) was obtained. Then the uranium was precipitated with
2 3 2

u o and the precipitate was separated from solution and washed2 2 

with water. The precipitate was then dissolved in HN0 and the
3 

cycle was repeated. 

The effectiveness of this procedure was tested by adding 

82
36-hour Br to a nitrate solution of natural uranium. The radio­

active bromine was produced by irradiating several milligrams of 

NH Br in the McMaster Nuclear Reactor for about 15 minutes.
4

After two hydrogren peroxide cycles, gamma counting measurements 

showed that the level of bromide contamination in the natural 

uranium had been reduced from 1 part per 100 to less than 300 parts 

per billion, i.e., a decontamination factor of greater than 30,000 

had been obtained. No measurements of iodide decontamination were 

carried out for the hydrogen peroxide procedure, although it was 

assumed that any iodide would be removed from the uranium along 

with the bromide. 

Samples of purified uranium were evaporated onto pieces 

of aluminum foil, each about one centimeter square. The purpose of 

the foils was to absorb and hold recoiling fission fragments. The 
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dry uranyl nitrate (uo (N0 ) .6H 0) had to be heated in order to2 3 2 2

drive off the water of crystallization, which would have caused 

"sputtering" of the samples during subsequent hea:ting. Each foil 

held about one milligram of uranium and was carefully rolled up 

and dropped into an irradiation ampoule, such as the one shown 

in Figure 8. These ampoules were made of quartz since ordinary 

glass deteriorates under irradiation. The ampoules were then 

evacuated on a high vacuum line and the foils outgassed by being 

heated to a dull red colour. This was necessary in order to 

remove any traces of atmospheric krypton and xenon from the 

samples. Each ampoule was sealed off, removed from the vacuum 

line, and leak-tested by observing the Tesla coil discharge inside 

it. Finally, for each irradiation, an ampoule was placed inside 

an aluminum can (length - 1 3/4"; diameter - 7/8") whose lid was 

cold-welded into place. 

235 233Four samples of u and four of u were irradiated in 

the McMaster Nuclear Reactor for periods varying from two to six 

1016 lo17 . d b d . hweeks, so as to pro uce etween an f. . ~n eac~ss~ons 

sample. It was desirable to obtain the largest possible number of 

fissions in order to measure precisely the very low independent 

bromine and iodine yields. However, this led to highly radioactive 

samples, which could not be handled safely until several months had 

elapsed. By this time the mass chains of interest had almost 

completely decayed to stable isotopes of xenon and krypton. 
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Fig. 8. Ampoule containing uranium sample. 



The procedure described below for extr;Jcting the r;Jre 

gases was the same for most of the fissionable nuclides studied. 

The quartz ampoule containing the irradiated sample was attached to 

a high vacuum line in the radioisotope laboratory. Figure 9 shows 

the general arrangement. After the line was thoroughly evacuated, 

the breakseal on the ampoule was broken by means of an iron slug 

manipulated with magnets. The fission product gases were extracted 

by heating the foils to a bright orange colour for about ten 

minutes. The heating was performed with an oxygen-natural gas flame. 

Thi_s extraction rrocedurc was sufficient to remove at leilst 90% of 

the r;1rc gnscs. Tilt' evolved gases were purified in a titanium 

furnace and then condensed in a gas sample tube on a charcoal trap 

cooled by liquid nitrogen. Finally the gas sample tube was sealed 

off, removed from the high vacuum line, and attached to the mass 

spectrometer line. 

In spite of all precautions, many of the irradiated samples 

were found to contain traces of atmospheric xenon and krypton. Since 

this contamination did not occur in irradiated blanks, it was con­

cluded that the qu:1rL-: ampoules containing fissile nuclides had 

hPen damaged during irradiation-- either hy recoi lin~~ fission 

products or by exct>ssive he,1ting from the fission rl'action. Thus 

a small quantity of :!ir h:1d been able to enter Ll1e ampoules. 

However, it proved possible by a modification of the extraction 

procedure to separate most of the atmospheric gases from the fission 
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Fig. 9. Apparatus used for the extraction and purification of the rare gases. 
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product gases. Over 90% of the latter remained embedded in the 

aluminum foil or alloy, while the atmospheric gases were free 

inside the ampoule. After the break-seal to the ampoule was broken, 

the sample was gently heated and pumped on for several minutes. 

Then the valve to the pump was closed and the fission products were 

extracted. In this way the major portion of the fission product 

rare gases were recovered with little or no air contamination. 

23 5LJ " . . 1 d d . f f l dF our .11Ss~on samp _cs were prepare 1•JY a 1- :erent met110 • 

?3r - ·\1 0 powder was placed in quartz irracliil tion ampules which were
3 13 

then attached to a high vacuum line. Whil.e being pumped out, the 

ampoules were heated in an induction furnace to a temperature of 

l500°C for three hours. This heating expelled all volatile impurities, 

but left behind the highly refractory u o • The ampoules were then
3 8 

sealed off and irradiated in the McMaster Reactor for several months. 

18
This produced up to 10 fissions in each sample. After a convenient 

period of time, the rare gases were extracted from the samples, 

again by heating in the induction furnace. The chlorine contamination 

in these samples was estimated to be less than 20 parts per billion. 

Onl' would expect any contamination by the Less abtmdant bromine• and 

iodine to be at <ll1 even I ower 1eve 1. 

Plutonium 

239The Pu for the independent yield studies was obtained in 

the form of an alloy (14% plutonium, 86% aluminum). Because of the 



239
hazardous a-activity of Pu (hal£-1 ife = 20,000 years) it was 

considered desirable to minimize handling of the samples. 

Consequently, no chemical purification procedures were carried out 

on the plutonium. flowever, the plutonium a I loy has a much J o~,-wr 

melting point than that of the uranyl nitrate discussed previously. 

Heating the alloy to its melting point should be sufficient to expel 

any bromine or iodine contamination. The effectiveness of this 

procedure was later verified by the consistency of independent yield 

results from one plutonium sample to the next. 

Flakes of the alloy were weighed out and placed inside a 

S!Tk-:tll quartz tube which was stoppered with a quartz wool plug. The 

tube was then inserted into a quart:>: irradiation ;nnpoulc, as shown 

in Figure 10. It was found that if tile alloy were plac('d directly 

in contact with the outer ampoule wall, the latl:f~r tended to crack 

upon subsequent heating. Thus the inner quartz tube was necessary. 

As the ampoule was being pumped out, the alloy was heated to a dull 

red colour in order to expel impurities. The ampoule was then 

sealed off, leak-tested, and placed in an aluminum irradiation can. 

239 
F~ve· pu samp 1es were irrad iate d in t h e McMaster Nuc 1ear 

Reactor for periods varying from ten to twenty-eight days. This was 

16 17
sufficient to produce between 10 and 10 fissions in each 

sampJP. The rnrc P<lS 'i';~;ion products wen· Stlhsf'qtwntly cxlr:1ct('d 

in a m;1nner sindlnr to that described for llil' ur:~Jlium ~>:tnipl<·~:;. 
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Fig. 10. Ampoule containing plutonium sam(Jle. 
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Neptunium 

237
A Sample Of.. 100 mg of Np0 was 0)lt · d f-rom ()Ia< R'd

2 
a~ne 1 .ge 

National Laboratories. Concentrated HN0 and HCl were found to be
3 

ineffective in dissolving the Np0 . It was readily dissolved,
2 

however, in pure water after having been fumed for several hours 

with concentrated H so •
2 4 

It is important to analyze the neptunium for traces of other 

fissile nuclides which might contribute to the fission product spectrum. 

239
For example, if Pu were present in 	the neptunium to the extent of 

13 2 239
0.1%, then in a neutron flux of 1 x 10 neutrons/ em/ sec the Pu 

238
fission rate would equal that of the Np and would be 35 times as 

237. 	 235 233 
great as t hat 	o f t h c Np. The presence of U and U would be 

equally serious. There are reasons to suspect tlln t the~;e higlll y 

23 7
fissile nuclides might be present in the neptunium. Np js 

produced from 	 the neutron irradiation of uranium enriched in the 

239
235 isotope. Pu is also a product 	of this irradiation. Thus an 

incomplete chemical separation of the 	neptunium might leave traces of 

235 239p 	 . h 1 237 233
U or u ~n 	 t e samp e. Also, Np decays to u by the 

following sequence: 

237Np ~ 233Pa ~ 233U 

+ a + r3 

If the 	neptunium sample h;!d heen al.lowed to stand for severn I years, 

233 1 .L . I. d ·n 7enoug1l l wou (1 1 1;1ve aCI'tlmu ate to 	ser]OtJs]y nffecl the Np 

f'ssion results. 



The a spectrum of the neptunium sample was analyzed for possible 

238
contamination. The analysis revealed the presence of 89-year - Pu 

to the extent of 0.1%. This probably resulted from the ~-decay of 

238
2.10-day Np, which had been present in the neptu~ium sample when 

it was purified at Oak Ridge. The thermal neutron fission cross 

238 237Nsection of Pu is about 1,000 times as great as that of p. 

Hence an irradiation of the unpurified neptunium would produce as 

238p f. . 23 7N f. .many U 1SS10nS aS p J.SSlOnS. 

With regard to other possible contaminants, the alpha group 

239 b d d h 1. . f 239pof 2 x 104-year Pu was not o serve , an t e upper 1m1t o u 

contamination 	was set at 1%. This is still high enough to be serious. 

235
The u activity is too low to be observed in such an analysis, and 

no conclusions could be drawn about its presence. The alpha group 

233 23 7
from U coincides with that from Np. However, a separation of 

neptunium and uranium was carried out, and an analysis of the uranium 

233
fraction showed the u contamination to be less than 0.003%, which 

is an acceptable level. 

238PB o f t11e o b serve u . . and a so because ' d contam1.nat1on 1 ec:1use 

. b. 1 . f . 239P 23su . . .o f t h e poss1 1 1ty o ser1ous u or contam1nat1on, Jt was 

necessary to purify the neptunium sample. An ion exchange procedure, 

described by Nelson, Michelson, and Holloway (45) for the separation 

of uranium, neptunium, <md plutonium, was adopted with some modifications. 

A quantity of the dissolved neptunium was taken up in a solution of 

9M HCl -- O.OSM 1IN0 and added to an anion exchange column (Dowex l~XlO
3 
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Resin, 200-400 mesh). The neptunium w;ls adsorbed in LIH' (JV) 

oxidation state along with any plutonium as Pu(IV) and ur:1niurn :ts 

U(VI). Any thorium, americium, or other fissile ncUnides would 

IJavtO p:1ssed through the column unadsorbed at this stage. Then thv 

plutonium was eluted with 9M l!Cl -- 0.05M Nf! +I. Tltc iodide w:t~: added1

to reduce the plutonium to the nori-adsorbable (III) state while leaving 

tlw neptunium and uranium unaffected. The column was thoroughly washed 

with 9M HCl and the neptunium eluted with 4M HCl -- O.lM HF. The resin, 

no\v containing only uranium, was discarded. The purity of the 

neptunium fraction was tested by a-counting and repnrification was 

238 
carried out if required. By this procedure the Pu contamination 

239
was reduced from 0.1% to less than 0.0004%. Any Pu contamination 

should have been reduced by an equal factor. 

If the neptunium sampLe was intended for independent bromine 

and iodi.ne yield studies, then an additional step was necessary in order 

to remove any residual iodide used in the reduction of the plutonit®. 

The sample was re-adsorbed on a fresh column and thoroughly washed 

with 9M HCl. Then the neptunium was eluted with 4M HCl -- O.lM HF as 

. . 8 d 1311be·ore.f Garmna count~ng measurements us~ng - ay as a tracer 

showed that this step reduces the iodide contamination to less than 

five parts per billion parts neptunium. 

After purific11 ion the neptunium wa:-; converted to nitrate 

[orm <llld ('Vilpor;1tecl onto ;Jlumjnum foi Is. The Sllhsequcnt' handling or 

lil<' twptunium s;Hnplc·s .1nd extraction of the r<~n· )',:JS('S \v:ls si11li l:1r 



to the procedure already described for uranium. However, most of the 

irradiated neptunium samples had much lower activities than the 

irradiated uranium and plutonium samples. As a consequence, the 

extraction and purification of the rare gases from these neptunium 

samples could be carried out directly on the mass spectrometer line 

rntlwr than in ti1P radioisotope laboratory. The (•] irnination of this 

extra step reduced the possibility of sample loss or conlaminntion. 

Specifd connnents are required in discussing the neptunium 

irradiations. These irradiations were carried out under a vilriety 

of condiUons in order to observe the fission products from three 

essentially different reactions: 

238
1. 	 The thermal neutron fission of Np 


237
2. 	 The fast neutron fission of Np 


237

3. 	 The thermal neutron fission of Np 

238
In order to pl'oduce thermal neutron fission of Np, the 

sample must be irradi~_-ted in a high neutron fltrx for sufficient t:imC' 

to allow the growth of 2.1()-day 
238

Np by neutron capture, i .L~., for 

at least several days. However, the irradiation ti_me must not exceed 

238 239 
one month, or else the fission of Pu and Pu would become serious. 

These nuclides are produced slowly by multiple neutron capture on 

Np in a high neutron flux. Three samples were thus irradiated in 

the core of the NRU Re<tctor at Chalk River Nuclear Laboratories 

lL~ 2
(flux = 2 x 10 neutrons/ em / sec) for a period of two weeks. In 

addition, five samples \.Jere irradiated in the McMaster Nuclear Reactor 

237



13 	 2
(flux= 1.5 x 10 neutrons/em /sec) -- one Cor 30 days, orw ftlr 

five days, and three for 60 hours each. These last three samples 

were analyzed within a few hours of irradiation in order to obtain the 

133	 135
yields of 	several unstable isotopes -- 5.27-day xe, 9.2-hour xe, 

87 88
76-minute Kr, and 2.8-hour rzr. 

237
In order to produce fast neutron fission of Np, two 

samples were wrapped in cadmium and irradiated in the McMaster Nuclear 

Reactor for a period of four hours. Cadmium is almost completely 

opaque to thermal neutrons but is relativeJy transparent to fission 

spectrum neutrons. The use of cadmium thus inhibits the thermal 

238 	 23 7 
neutron fission of Np, while allowing the fast fission of - Np. 

Also, the 	irradiation time is short enough to prevent significant 

238
gro\vth of Np in the sample. 

It is difficult to observe the fission product spectrum from 

237
the thermal neutron fission of Np, since this nuclide has a thermal 

fission cross section of only 0.019 barns. At ordinary reactor fluxes, 

238
a long irradiation leads to the fission of Np, whereas a short 

d . . ' f f. . f 23 7Nirra 1at1on proauces ast 1ss1on o p. What is required is a 

very low, well thermalized, neutron flux. This can be seen from the 

238
following expression, derived in Appendix A, for the ratio of Np 

. . 23 7£. .f 1SS10nS to 1SS10ns: 

238 237 o-- o­
f c 	 1 ­~ (1)1 ­237 I ( 

Of )1. 



where 

f 238
number of Np fissions,N238 

[ 237
number of Np fissions,N237 

23 7 
Of 

23 7
Np fission cross section for thermal neutrons 19 rnb, 

238cr; 238
Np fission cross section for thermal neutrons 1600 ±. 100 b, 

23 7 
Lr 

c 
237

Np capture cross section for thermal neutrons 169 barns, 

T irradiation time, 

0 thermal neutron flux, 

"\ 1 + 238 rio 
1\. A. Of 'f.' 

238
A. decay constant of 2.10-day Np 

At low fluxes, A.'p;::A.. After severa 1 days, the amount of 2. ]()-day 

238
Np in the sample reaches equilibrium and the 	 time-dependent term 

238
in equation (l) approaches unity. The ratio 	of Np fissions to 

237
Np fissions then becomes directly proportional to the thermal 

13 2 
neutron flux. In a flux of 10 neutrons/em /sec this ratio is 

10 2
about 37, but in a 	 flux of 10 neutrons/em /sec it is only 0.037. 

The thermal column 	of the NRU Reactor at Chalk River has a 

10 2
well thermalized flux of 10 neutrons/cm /sec. Three samples were 

i rr;tdin ted in this column, one for 70 days and two for 30 days, in 

. 23 7Not- der lo l t: l tcrm;t 1 neutron f I.ssion o[ p. Because of thepro<uce 

237luw flux and low fjssion cross section, the Np fission r:ttt• is 

small. Thus the tong irrndiation times are required to build ur 



49 

sufficient fission products for analysis. 

Cobalt Flux Monitors 

238
A knowledge of the neutron flux is necessary in the Np 

fission irradiations for calculatinE; the neutron capture corrections 

135 237
on xe, and in the Np ther~~l fission irradiations for calculating 

238 237
the ratio of Np fissions to 	 Np fissions from equation (1). Also, 

82 128 130
i.ndependent yield measurements of Br, I, and I must be 

corrected for neutron capture contributions from the preceding mass 

chains. Thus cobalt flux monitors were irradiated with most of the 

samples. Each monitor consisted of a piece of 1% cobalt-aluminum 

60 
act~v~t~es were\·nre.· The resu1t~ng· c o · · · measured ~n · an argon- f ~·11e d 

ionization chamber whose output was amplified by a vibrating reed 

electrometer. The ionization chamber was calibrated by three standard 

60
Co samples whose absolute disintegration rates had been previously 

determined by absolute beta counting. The neutron flux ~ is given by 

the expression: 
60c .. o act~v~ty 

t-..60 N59 ~59 T 

60 	 60 
t. decay constant of 5.24-year co, 

59
number of co atoms in the monitor, 

59
effective neutron capture cross section of co 

36.9 barns for a reactor flux, 

T irradiation time. 
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MASS SPECTROMETRIC ANALYSES 

The Mass Spectrometer 

All the rare gas samples were analyzed in a 90°-sector ten-inch 

radius mass spectrometer with a resolving power of about 620. This 

proved sufficient to resolve rare gas isotopes from hydrocarbons at 

the same mass numbers. A schematic diagram of the instrument is 

shown in Figure 11. 

Gas atoms or molecules are positively ionized in the source by 

electron bombardment and accelerated through a potential difference of 

about 2.5 Kv. A magnetic field deflects the ions and focuses them 

onto the detector slit. The detection is accomplished by an Allen-type 

5
electron multiplier with a gain of 10 • A vibrating reed electrometer 

amplifies the current output of the electron multiplier. The mass 

spectrum is SCc'tnned by slowly varying the tmgnetic field while maintaining 

the ion-accelerating voltage at a constant value. As the group of ions 

at each successive Ilk'1SS number passes across the detector slit, a peak 

results in the electrometer reading. A pen recorder traces these peaks 

onto a chart to form a permanent record of the analysis. A typical 

chart recording is shown in Figure 12. 

1\..ro mercury diffusion pumps, each wjth a liquid nitrogen trap, 

mnintain :1 high vacuum inside l11c spcct:romeler. The di.ffusion pumps 

are hacked by a rotary pump. When the spectrometer is not being used 

-9
for analysis the pressure is about 5 x 10 1llln. of mercury hut: may rise 
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-7 
to about 5 x 10 rrnn during an analysis. 

Analyses of the Rare Gases 

Gas samples may be analyzed either by the static or by the 

dynamic method. In the static method the valves to both pumps are 

closed and the entire sample is let into the mass spectrometer at 

once. This method is suited for the analysis of very small samples, 

where maximum sensitivity is required. Large gas samples cannot be 

analyzed in this way, because the pressure inside the spectrometer 

would rise too high and interfere with the flow of ions. This would 

lead to "pressure broadening" of the observed peaks. 

Large samples are analyzed by the dynamic method, where only 

a small fraction of the sample is inside the spectrometer at any given 

time. The gas sample is allowed to leak slowly into the source area 

through a fine capillary tube. One or both of the pump valves are 

left open, and a dynamic equilibrium in the sample pressure is soon 

established. The flow rate through the capillary leak and thus the 

peak height is controlled by raising or lowering the mercury level in 

a sample reservoir behind the leak. This method is about 2000 times 

less sensitive than the static method. 

The large rare gas samples intended for independent yield 

studies were analyzed by the dynamic method. Most of the smaller 

samples intended for cumulative yield measurements from neptunium 

fission were analyzed by the static method. 



Analyses are performed by .scanning up and down through the 

isotopes of each rare gas. The peak lwighl for <•ach i solopl! on tiH· 

upward scan is added to its height on the downward scan. This is 

done in order to cancel any errors resulting from peak height 

attenuatior: due to sample loss. In a static analysis some of the 

snmplc is lost by becoming adsorbed on the walls of the spectrometer. 

In a dynamic analysis, the flow rate through the capilliary leak 

decreases as the total sample behind the leak becomes depleted. 

Altogether, from six to ten double (upward and downward) scans are 

taken for each sample. Mass ratios are calculated for each double 

scan, and then averaged over all scans. 

After each analysis, the remainder of the sample is recovered 

in a gas sample tube, removed from the mass spectrometer line, and 

stored for future reference. 

Sources of Error 

In addition to the possibility of previous contamination of 

the sample, the following errors may arise in the course of the mass 

spectrometric analysis itself. 

1). Interference From Hydrocarbon Background 

Even after the mass spectrometer has been baked extensively, 

hydrocarbons are st.i 11 present at almost every 1n.-"1SS number. The 

resolving power of the m:lss spectrometer, (620), is great enough to 



separate completely ;J xenon or krypton pe;:~k if it is compnr;JI>Ic in 

size to, or larger than, the adjacent hydrocarbon peal(. llowever, 

if the rare gas peak is much smaller than the hydrocarbon, as in the 

case of the very low independent yields, then correction becomes 

difficult because the rare gas peak is partially obscured by the 

"tail" of the hydrocarbon peak. This effect is most serious in the 

128 
case of Xe and the accompanying hydrocarbon. For this reason, the 

128. d ent I y1e ld measurements are not as precise as t hose o f·1n epend . 

other independent yields. 

2). Memory 

Ions from a large sample tend to become embedded in the 

walls of the spectrometer and to evolve slowly, giving rise to a 

memory effect in subsequent analyses. This effect is most serious 

during a static analysis, when the evolving atoms accumulate in the 

spectrometer. In this case the effect is manifested as a systematic 

change in the isotopic ratios as a function of time. Flushing the 

spectrometer for several hours with nitrogen or neon usually 

eliminates the memory. If it persists, then the measured isotopic 

ratios are plotted as a function of time and the graphs extrapolated 

to zero time (the time when the sample is admitted). This gives 

the true isotopic ratios of the sample. 
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3). Mass Discrimination 

Mass discrimination, i.e., unequal responses to the abundances 

of different isotopes of the same element, can arise in the capillary 

leak, the ion source, or the electron multiplier. Light isotopes 

diffuse through the capillary leak more rapidly than heavy isotopes, 

and after a period of time the sample in the reservoir behind the leak 

becomes depleted in the lighter isotopes. Analyses of atmospheric 

xenon and krypton show this effect to be negligible, provided not 

more than 10'/,, of the sample has been expended. 

'The fact that the ion accelerating voltage is held constant 

while the magnetic field is scanned tends to minimize ~1ss discrim­

ination in the ion source. However, a small mass discrimination 

effect arises during static analyses. Analyses of atmospheric rare 

. h . h . f 83K 86K . .gases s how a 1'%o enr~c ment ~n t e rat~o o r to r ~n compar~son 

with Nier's (46) standard values. Thus a corresponding correction 

must be ~'lde to the measured fission yields. The effect is negligible 

in the xenon region. 



RESULTS AND DISCUSSION 

237 238
PART I. CUMULATIVE YIELDS FROM THE FISSION OF Np AND Np 

The cumulative yields of the xenon and krypton isotopes from 

neptunium fission processes are recorded in Tables I to VI. The 

13 2
xenon y1e· 1 d s are expressed re "L at1.ve· to xe, an cJ t 11e k rypton 

86 132
yields relative to Kr. The isotope xe serves as a convenient 

basis in the xenon region because its yield generally does not 

deviate markedly from a smooth curve. Of the stable krypton 

86
isotopes, Kr is produced with the greatest abundance in fission, 

and is therefore the least susceptible to the effects of atmospheric 

86
krypton contamination. Thus Kr was chosen as a basis for the 

relative krypton yield~. 

The xenon yields have been corrected for ntmospheric con­

129 
t.::~m1nat1on whenever "rom 1· · 	 necessary f t 10 a bundancc o r· Xe. This 

isotope compriSl~S 26.!+4Z of ntmospheric 	xenon, hul its prodttcl ion 

129
in fission is blocked by the long-lived 1 (half-life 1. 7 X 

7
10 years). The krypton yields have 	been corrected for atmospheric 

82 8
contamination from the abundances of Kr and °Kr, which comprise 

11.56% and 2. 27% respecU vely of atmospheric krypton. These 

isotopes of krypton are also produced from the independent yields 

82 80
of the shielded nuclides Br and Br, 	but the independent yields 

ar.~ negligible when compared with the cumulative yields of the other 

)7 
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krypton isotopes. 

The error indicated for each yield in the following tnbles 

is the standard deviation of the individual isotopic ratio measure­

ments about the mean value. It has been found in practice that 

this method of expressing the error best represents the repro­

ducibility of the mean value of the isotopic ratio from one sample 

to the next. 

The yields from the specific neptunium fission processes 

will now be discussed. 

238
Yields from the Thermal Neutron Fission of Np 

The cumulative yields of the stable xenon isotopes from the 

238NI 1 neutron f · f· p are recor e . a e I , an t h et 1erma ~ss~on· o 	 d d 1n T bl d 

yields of the stable krypton isotopes in Table II. Table III shows 

l33x JJSxthe cumulative yields of various unstable isotopes e, e, 

87 88	 238
Kr, and Kr -- from the fission of Np. 


136

In Table I 	 the observed Xe yields have been corrected for 

135 
neutron capture on xe by using the expression derived in Appendix C. 

The irradiation times and neutron fluxes required for these corrections 

are recorded for each sample in Table I. The value used for the yield 

135
of xe is an average taken from Table III. Since the capture cross 

135 106
section of xe is extremely large (2.6 x barns) and since 

relatively 	long irradiations in intense neutron fluxes are required 

238
to produce Np fission, the capture corrections represent a 

136
significant portion of the observed xe yields. The larger errors 



TABLE I 

238
CUlliLATIVE YIELDS OF THE STABLE XENON ISOTOPES FRON THE TI-IER2'1AL NEl'TRON FISSION OF Np 

Xet.:tron Flux Irradiation Time 
Sample ~umber ( n/ c-::. 2 / sec) (hours) 131/132 134/132 136/132 

14 
~A-1 	 - X 10 33t1 0.658 :t. 0.004 1.616 :t. o. 006 1.62 :t. 0.05 

., 'Il:"-+
A-2 	 X 10 336 o. 668 + o. 002 1.650 + 0.006 1.66+0.05-

·}A-3 	 X lQ
14 

336 0.666 ±. 0.002 1.635 + 0.009 1.61 + 0.05-

' J 1 - 1 013A-4 	 ..~..._ ... X - 720 0.686 ±. 0.006 1.628 + 0.005 1. 75 + 0.04 

1 'J , Jl31 'A-5 	 l.. _ _, ::; _c•, 120 0.696 + 0.006 1.607 + O.Oll 1.62 + 0.02 

'--'-. 
~ 

http:1.66+0.05


TABLE II 

CUMULATIVE YIELDS OF THE STABLE KRYPTON ISOTOPES 
238NpFROM THE THERMAL NEUTRON FISSION OF 

Sample Neutron Flux Irradiation Time 
Number (n/cm2/sec) (hours) 83/86 84/86 85/86 

14
A-1 2 X 10 336 0.315 ±. 0.002 0.558 ±. 0.004 0.670 ±. 0.003 

A-2 2 X 1014 
336 0.318 ±. 0.003 0.562 ± 0.004 0.673 ±. 0.005 

14
A-3 2 X 10 336 0.3219 ±. 0.0006 0.566 ±. 0.002 0.674 ±. 0.003 

13
A-5 1.24 X 10 120 0.321 ±. 0.004 o. 544 ±. o. 005 0.683 ±. 0.006 

C? 
0 
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TABLE III 

CUMULATIVE YIELDS OF THE UNSTABLE XENON AND KRYPTON ISOTOPES 
238FROM THE THERMAL NEUTRON FISSION OF Np 

( 133X 135X 87v d 88K )e, e, ~r, an r 

Sample Number B-1 B-2 B-3 

Irradiation 

Time (hours) 

Irradiation to 

Extraction Time 

(hours) 

Extraction to Analysis 

Time (hours) 

Neutron Flux 

(n/cm
2
/sec) 

133/132 
Xenon 

135/132 
Yields 

136/132 

Krypton 87/86 

Yields 88/86 

60.00 

8.30 

5.75 

131.56 X 10

1.50 ±. 0.04 

1.41 ±. 0.02 

l. 69 ±. 0. 03 

60.00 

7.63 

4.33 

131.39 X 10

1.492 ±. 0.013 

1.340 ±. o. 012 

1.69 + 0.03 

1. 45 ±. o. 02 

58.03 

4.25 

2. 03 

1. 502 ±. o. 014 

l. 43 0 ±. 0 • 0 14 

1.16 ±. o. 06 

1.35 ±. 0.01 
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TABLE IV 

CUMULATIVE YIELDS OF THE STABLE XENON AND KRYPTON ISOTOPES 
237

FROM THE THERMAL NEUTRON FISSION OF Np 

Sample Number C-1 C-2 C-3 

Irradiation 
1680 720 720

time (hours) 

Neutron F .I ux 
9 9

? 1.099.0 X 10 8.1 X 9.2 X !0
(n/cm- /sec) 

131/132 o. 661 ± 0.012 0.678 + 0.014 0.680 +· o. 006 
Xenon 

134/132 1.66 ± 0.02 1.65 + o. 03 1.62 + 0.04 
Yields 

136/132 - - - - 1.60 ± 0.02 1.5 7 + 0.03 

Krypton 83/86 0.327 + 0.014 - - - ­
Yields 85/86 0.68 + 0.02 - - - - - - - ­
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TABLE V 

CUMULATIVE YIELDS OF THE XENON AND KRYPTON ISOTOPES 
237

FROM THE FAST NEUTRON FISSION OF Np 

Sample Number D-1 D-2 D-3 

Irradiation 

Time (hours) 
4.00 4.00 2.00 

Cadmium 

Shielded 
yes yes no 

131/132 o. 746 ± o. 003 0.746 ± 0.002 0.732 ±. 0.003 

Xenon 133/132 1.322 ±. 0.008 

Yields 134/132 1. 472 ± o. 006 1. 469 ± o. 006 1.464 ± 0.007 

136/132 1. 369 ± o. 007 1. 362 ± o. 010 1.382 ±. o. 005 

83/86 0.365 ± 0.006 0.362 ±. 0.006 
Krypton 

84/86 o. 53 ± 0. 03 0.55 ±. 0.03 
Yields 

85/86 o. 163 ± 0.013 o. 764 ± o. 0]3 



- - - -

- - - -

- - -

- - - -

- - - -

- - - - -

TABLE VI 


SUMMARY OF THE XENON AND KRYPTON YIELDS 


FROM THE VARIOUS NEPTUNIUM FISSION PROCESSES 


238Np 237Np 237N 
1 p 

Thermal neutron Thermal neutron Fast neutron 
fission fission fission 

(from Tables (from Table IV) (from Table V) 
I, II and III) 

Xenon 


Yields 


Krypton 


Yields 


131/132 

133/132 

134/132 

135/132 

136/132 

83/86 

84/86 

85/86 

87/86 

88/86 

0.664 ± 0.004 

1.498 ±. 0.014 

l. 634 ± o. 014 

1.39 ± 0.05 

1.65 ± 0.04 

0.318 ± 0.003 

0.562 ± 0.004 

0.672 + 0.003 

1.16 + 0.06 

1.40 + 0.05 

0.673 ± o.cno 

1.64 + 0. 03 

1.58 + 0.03 

0.327 ± 0.014 

;., 

0.68 + 0.02 

(). 746 ±. 0. 003 

1.32 + 0.02 

l. 470 ±. o. 006 

1.366 + 0.009 

0.364 ± 0.006 

0.54 + 0.03 

0.763 + 0.013 



quoted for these yields result from uncertainties in this capture 

correction. 

The 131/LL' ratios from samples A-If and A-') are hotll somewhat 

high, and the 134/132 ratio from sample A-'5 is low. These smnll shifts 

in isotopic ratios can be attributed to the effects of another fission 

237
process, probably the fission of Np by fast neutrons, i.e., fission 

spectrum neutrons. The rate of fission of this nuclide depends 

238
linearly on the neutron flux, whereas the rate of Np fission 

depends on the square of the neutron flux. Now for samples A-1, A-2, 

and A-3 the neutron fluxes are about a factor 15 greater than for 

238
samples A-4 and A-5. Thus the ratio of the numher of Np fissions 

237
to Np fissions is 15 times as great for the first three samples 

as 	for the last two samples. This 15-fold increase in the proportion 

238
of Np fissions leads to only very small shifts in the isotopic 

ratios. From this, we conclude that samples A-1, A-2, and A-3 

23 8
t pure Np 	 f 1ss1on,· w ereas samp 1es A 4 represen therma 1 neutron · h · ­

and A-5 represent a trace of another fission process in addition to 

238
that of Np fission. This argument is equally valid whether this 

237
other process is indeed the fast neutron fission of Np, or whether 

it 	is the result of any other nuclide whose fission rate is a linear 

function of flux. Thus the xenon yields from snmplcs A-lf and A-'5 

are nol included in the :tver<Jges in Tnhle Vl. 

85
The yield of Kr has been included with the yields of the 

stable isotopes in Table II, because the ground state of this nuclide 
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has an appreciably long half-life (10. 76 years). The fission 

product chain at mass 85 appears as follows: 

85m._
4.4-h Kr 0.789 

85 85 / I ~ 	,
39-s Se~ 3.0-m Br 0.211~ stable 

85 ./"f!
10. 76-y Kr~ 

85
The branching ratio of the decay of the isomeric state of Kr to 

its ground state is taken from recent data by W. B. Clarke and 

H. Farrar (47). By the time the stable isotopes of krypton were 

8'i
analyzed, all of the 4.4-hour isomeric state of Kr had decnyed 

85
away. The total yield of Kr was then determined from the abundance 

of the 10.76-year ground state, modified by a small correction for 

partial decay, and from the reported branching ratio of the isomer 

to the ground state. 

In Table II the various isotopic ratios are consistent from 

sample to sample, except for sample A-5, which shows a small down­

ward shift in the 84/86 ratio, and a sma 11 upward shift in the 

85/86 ratio. These shifts can again be attributed to a small con­

237
tribution from the fast neutron fission of Np. Thus the krypton 

ratios from sample A-5 are omitted from the averages in Table VI. 

The yields of the unstable isotopes of xt•non and krypton must 

' 132
be measured shortly after irradiation, when 	 the product1on of Xe 

132
is still blocked by the incomplete decay of Te (half-life = 

131
77 hours) and the production of xe by the incomplete decay of 



131 
I (half-life = 8.05 days). For this reason the nbunthuccs ol 

131 132 
xe and xe were not measured for sample B-1, B-2, <md B-:3 

in TaLle lLI. On the other hand, the yields of the 134 and 136 

134 136 
mass 	 a1ns d ·c h · ecay a 1most unmed · 1ate1y to x e and x e respect­

. 133 135 136
ively. Thus the y1elds of Xe, Xe, and Xe for samples 

134B-1, B-2, and B-3 were first measured relative to Xe. These 

132· were tenh converte d to x as a · ustng· 1rat1os e bas1s t1e average 

238 136134/132 ratio for Np fission in Table VI. The xe yields in 

Table III have been corrected for neutron capture as in Table 	I. 

In the 	krypton region, tlH· 86 mnss chain decays almost 

86 87 88
innnedL1tely to Kr. The yields of Kr .:md t<r were thus d.irectly 

86
measured relative to Kr. No corrections have been made for 	 the 

87
effects of delayed neutron emission in the reported yields of Kr 

88
and Kr. However, these yields, as they stand, can be compared to 

the directly observed yields reported in the literature (e.g., 

Katcoff (23)) for other fissile nuclides. Actually, about three 

86
per cent of the mass 87 chain contributes to the observed Kr yield 

through delayed neutron emission, while about seven per cent of the 

87
mass 88 chain contributes to the observed Kr yield. Fifteen per 

88
cent of the mass 89 chain decays to J<r by de1ayed neutron emission. 

Corrections for the partial decay or the unstable xenon and 

krypton isotopes were carried out by means of the equations in 

133
Appendix B. The yield of xe (half-life = 5.27 days) can be 

determined quite accurately in this way. However, the yields 	of 



135 . 87 .
Xe (half-l1fe : 9.2 hours), Kr (half-llfe = 76 minutes), and 

88
Kr (half-life = 2.8 hours) are determined with considerably less 


87 

accuracy. By the time the Kr yield measurement was carried out 

87
for Silmple B-3, nearly all of the Kr had decayed away. Hence the 

precision of this measurement is only about 5'%. The quoted errors 

13 5x 88
t1e · f an ·. o.f or I y1e.Jdso·- e d T.<rr re f er on 1y toteh prec1s1on· f 

the isotopic ratio measurements on the mass spectrometer. Uncertain­

ties in the half lives and decay times are mainly responsible for the 

135 88
differences in the observed yields of xe and Kr from sample to 

sample. 

The yields obtained from samples B-1, B-2, and B-3 may contain 

237 
a small contribution from the fast neutron fission of Np. It was 

seen in Table I that samples A-4 and A-5 showed a small shift of 

isotopic ratios due to this process. However, the uncertainties 

involved in measuring the yields of the unstable isotopes are 

undoubtedly greater than any small effects that might arise from 

237
the fission of Np. 

The average values of the various xenon and krypton yields 

23 8Nf rom t h e t herma 1 neutron f 1ss1on· · o f p are 1.1sted . t h e f.1rst1n 

column of Table VI. One of the most striking features of these 

135
results is the abnormally low yield of xe, compared to the yields 

134 136
of the adjacent isctor,es xe ;md xe. It might be argued that 

135
the corrections made for neutron capture on Xe were not large 

enough, perhaps because o[ incorrect information on the capture 

135
cross sect1on· o-t- xe or on t 1c 1 neut.ron f 1uxes. In other words, 



136xIng I1er, lthe 
13 '>- Xe might actual 1y be . and t l1e e yie l d ower t IIan 

the values reported in Table VI. This would lead to a smoother 

mass yield curve. 

Such an argument, however, is refuted by a closer examination 

136
of the. corrected Xe yields from the individual samples in Tables 

I and III. Because of the high neutron fluxes used in the 

irradiations of sample A-1, A-2, and A-3, nearly 100'%, of the mass 

136
135 yield contributes to the observed xe abundances. For 

samples A-4, A-5, B-1, and B-2, irradiated at tower fluxes, this 

contribution is only about half the mass 13.5 yield. Thus the neutron 

capture corrections are twice as great for the first three samples 

as for the remaining ones. If there were a systematic error in 

these corrections (e.g., a wrong value for the mass 135 yield), then 

136xt1erel wou ld be · · · ~n· t h e reported e y~e· lds.~ncons1stenc~es As 

136 
a matter of fact, the corrected Xe yields from all the samples 

(except sample A-4) are consistent with one another within the 

quoted errors. Thus the reported low yield at mass 135·and the high 

yield at mass 136 appear to be real. 

237
Yields [rom the Thermal Neutron Fission of Np 

The cumulative yields of the stable xenon and krypton isotopes 

85 237
(including Kr) from L;1e thermal neutron fission of Np are 

recorded in Table IV. The very long irradiations required to produce 

a sufficient number of fissions at such a low neutron flux precluded 
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the determination of the yields of the unstable 	isotopes. The 

8
sample sizeb were extremely small - less than 10 atoms at each 

isotope. For this reason the precision of the&e measurements is 
' 

238
not as good as for those of Np fission. Traces of contamination 

by atmospheric krypton precluded the determination of the krypton 

83 85
yields, except for the Kr and Kr yields from sample C-1. At 

these very low neutron fluxes, no capture corrections were necessary 

136
for the xe yield. 

The average values of the yields from Lhe thermal neutron 

237
fission of Np are summarized in the second column of Table VI. 

From the remarkable similarity of these yields to the yields from 

238
Np fission, it might be argued that the former yields are the 

238N f. . h h 237f. .resu l t o f p ~ss~on rat er t an ~ss~on. This would occur 

if the reported cross section (0. 019 barns), (48), for the thermal 

237
neutron fission of Np were in error. However, calculations based 

on the accepted cross sections and on equation (1) on page 47 

indicate that 97'% of the total number of fissions in samples C-1, 

237
C-2, and C-3 result from Np. The reported cross section for the 

23 7
tl1erma1 neutron ~ss· 1on of Np would t o be ·f · have ~n error by more 

238
than an order of magnitude in order for the yields from Np fission 

to predominate in samples C-1, C-2, and C-3. Unless this cross 

section is found to be erroneous, the results in the second column 

of Table VI should he taken to represent the yields from the thermal 

237
neutron fission of Np. 
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237
Yields from the Fast Neutron Fission of Np 

Table V shows the yields of the xenon and krypton isotopes 

237
from the fission of Np by fast neutrons, i.e., fission spectrum 

neutrons. Samples D-1 and D-2 were wrapped in cadmium during irradiation, 

but sample D-3 was not. The yields of the stable xenon isotopes from 

this last sample are obviously affected to a small extent by thermal 

neutron fission and are therefore not included in the average yields 

133
of Table VI. It was possible, however, to obtain a yield for xe 

from sample D-3. Since this is the only measurement available for 

133 237
the yield of xe from the fast fission of Np, it has been 

included in the sunnnary in Table VI. The error quoted for this 

measurement in the latter table takes into consideration the 

possibility of thermal neutron fission in sample D-3. 

238
Comparison of the Yie]ds from Np Fission with Those from Other 

Fissile Nuclides 

It is of interest, first of all, to compare the yields from 

238
the thermal neutron fission of Np with those from other fissile 

nuclides with large thermal fission cross sections. Figure 13 

shows the absolute cumulative yields in the xenon region from three 

235 233 239
other fissile nuclides -- U, U, and · Pu. Although they are 

241P. ld - f. . J .1 1not s hown, t I1c a l)SO I.utc yJ_e s 1rom u Iss1on 1ave a .so Jeen 

23 5LJmeasure<I (8) , ancI ] . te c 1.ose to t l tt' y1e· ..I d s Ln the mass. range 
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132x1J.. J - • F•or t h e sak e o·: compar~son, · t h e · ~ e rom_ 134 r y~e 11c o1 £­

238 132
Np fission is arbitrarily set equal to the Xe yield from 

235 238u fission. The remaining xelJOl yields from Np fission are 

then plotted in Figure 13 relative to this 132 yield. 

238
In 	this mass region, the yields· frou, Np fission resemble 

235
those from u fission more closely than the yields from the 

233 239 238
fission of u or Pu. In particular, the slope of the Np 

23
yield curve -from mass 131 to 133 is the same as that of the 'ju 

23 9• ] d 0 • h h l f L 
23 3LJ d p ' ldy~e. s ut IS steeper t an t e s opes o · t,1e an u y1e S• 

This variation in slope from one fissile nuclide to ;mother can be 

correlated to some degree with the neutron-to-proton ratio of the 

compound fissioning nucleus. A-higher neutron-to-proton ratio 

leads to a steeper curve. Table VII shows these ratios for the 

fissile nuclides whoSf! yields have been studied in detail. The 

quantity Y(l32) /Y(l31) is taken to represent the relative s teerness 

of 	 tl-e mass yield curve in the range of 131 to 133. It is apparent 

that the slopes fall into two distinct groups. The nuclides \vith 

neutron-to-proton ratios of 1.559 or more have markedly steeper 

s]opes than those with ratios less than 1.5)9. 

l - l . [-	 dAs 1.11. t Jc CJ~H~s o.l 2 3 ')lJ nne 241p u f Jss1.on,. we .1nc1 pronounce 

238 ' 238>fine structurP in the Np yields at mass LJ4. flw Np results 

23')ualso show a high yield at mass 136, a feature not observed in 

2'4 238Npor -Pu fission. In fact the zig-zag variation in the yields 

from mass 133 to 136 is quite unique. 



TABLE VII 


RELATIONSHIP BETWEEN NEUTRON-TO-PROTON RATIO OF FISSIONING NU:LEUS 


AND SLOPE OF MASS YIELD CURVE 


Neutron-to-proton Y(l32Fission ratio of compound 
Y(l31)process fissioning nucleus Reference 

233u + n 1.544 1.37 10 

'/41 
~ Am+ n 1.547 l. J!f 9 

239pu + n l. 553 l. L,() 7 

242A +m n 1.558 1.38 9 

237Np + n 1.559 1.49 present work 

235 0 + n 1.565 1.49 6 

238Np + n 1.5/'0 1.51 present work 

241Pu + n 1.5 75 1.48 8 
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It is generally observed that the position of the light mass 

peak shifts to progressively higher mass numbers as the mass of the 

fissioning nucleus increases. The krypton yields, lying on the 

lower side of the light mass peak, undergo a corresponding decrease. 

238
On this basis, one would expect the krypton yields from Np fission 

t an 235u or 233u f. . but h.1gh hanto l)e 1ower h t lwse f rom ~ss~on, er t 

239
those from Pu fission. Unfortunately, it is not possible to 

verify this prediction directly because the krypton yields from 

238
Np are not known in an absolute sense, nor have they been deter­

mined relative to the heavy ma.ss peak which renk1.ins more or less 

fixed from one fissile nuclide to another. 

It is possible, however, to draw some conclusions by exam­

ining the slopes of the various krypton yield curves. Figure 14 

233 235
shows the absolute krypton yields from the fission of u, u, and 

239
Pu. These curves illustrate clearly the shift of the light mass 

86 238
peak to higher mass numbers. The yield of Kr from Np fission 

is then arb~trarily placed midway between the yields from the 

235 239 238
fission of u and Pu, and the other krypton yields from Np 

are plotted relative to this point. When displayed in this way, 

238 - 2391)the slope of the Np yield curv(' is s tceper t IJan t l lilt J. rom u 

fission in the range of mass 83 to 86, but not as steep as the 

235 238
curve from u fission. Also, the curve from Np fission shows 

no tendency to cross the curves from the other fissile nuclides. 

238
Thus it appears that the position of the light mass peak from Np 
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238N. f h 1 . k . .ld fFig. 14. Compar~son o t e cumu at~ve rypton y1e s rom p 

thermal neutron fission with the yields from other thermal neutron 


238

fission processes. The 86 yield from Np has been arbitrarily placed 


235 239

mid\vay between the u and Pu curves. 
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fission does lie between the positions of the light mass peaks from 

[ . . .f 235u d 239P . d . 1 I 1 dt1el 1ss1on o an u, 1n accor ance w1t1 t1e genera. tren • 

As in other fission processes, the yietds [rom the thermal 

238
neutron fission of Np show deviations from a smooth curve in the 

k·rypton region. The 84 yield is somewhat 	high, and the 85 yield 

Comparison of the Yields from the Various 	Neptunium Fission Processes 

The yields from the other neptunium fission processes are 

238N. h " f h l 1 f. . f . 

132x 

compared w1t ttlose ·:rom t e t·term.-:t neutron lSSJ.on o · p 1n 

F . ·1" l ·1 . ld d ,_ 	 86K . ·1 d J'J.gure J, w.1ere t1e e y1e. san t11e r y1e s are set equa. 

to 1.000. There is very tittle difference bC"tween the xenon yields 

237N 1 238NI f J.ss 100 	 ·1f-rom t l1e t ternlit 1 neutron . . o f p anc p, a .. l lwug l1 Ll tl.' 

2 7
high yield at mass 136 llk'lY be slightly lower for J Np thermal 

238N. 	 . h f f. ·neutron f 1SSlon t an or p ·1ss1on. Also, there are no significant 

differences in the krypton region between 	the yields from these t\vO 

thermal fission processes. 

On 	 the other hand, the mass yield curve from the fast neutron 

237
fission of Np is distinctly broader in 	the xenon region than the 

237
curve from the therm;:ll neutron fission of Np. A similar effect ·is 

23 r)

observed .in · U when cmnp;1ring the yie.lds from fission by l:ilt•rrnal 

nc1ttrons with tlw yic::ds from fission hy 14 Mev neutrons, (2]). Til(~ 

fission spectrum neutrons used to study tht• fast neutron fission of 

23 ?Np l~ve an average energy o f a 1lOUt one Mev. Appilrently the fission 
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process becomes less selective 	at higher neutron energies. 

237
The present results on Np fission also show that fine 

structure, so prominent at thermal neutron energies, almost com­

pletely disappears at higher neutron energies. For the fast neutron 

237
fission of Np, the 136 yield is not abnormally high, and the mass 

yield curve in the krypton region is quite smooth. However, there 

is still some fine structure at mass 134. 

The similarity in the yields from the thermal neutron 

fission of the two different isotopes of neptunium is surprising, 

especially when there are such marked differences between the yields 

233 235
from 	the fission of u and u, as shown in Figure 13, or between 

. ld f h f. . f 239p d 24lpt he y1e s rom t e 1ss1on o u an u. However, in these 

cases the neutron number increases by two in going from one isotope 

to the next. On the other hand, the neutron number increases by 

23 7 238
only one in going from Np to Np. Thus we might expect the 

differences in the yields from this set of isotopes to be less 

pronounced. 

Pleva (9) observed that differences do occur between the 

241 242
xenon yields from the fission of Am and Am, although these 

differences are much less striking than for the isotopes of uranium 

or plutonium. Table VIII shows Pleva's results on the xenon and krypton 

241 242
yields from the thermal neutron fission of Am and Am. In this 

13 2 
case 	t he xenon y1e· lds were me:1snre d re 1 · to xe, and t hat1ve e 

. 84K Th 136x . ld f 242Am .k rypton yie lds re 1at1ve to r. e e y1e rom 1s 
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TABLE VIII 

CUMULATIVE XENON AND KRYPTON YIELDS 
241 242FROM TilE THERMAL NEUTRON FISSION OF Am AND Arn 

241Arn 242Am 

131/132 Oo747 ±. Oo003 0 725 ±. 0 0050 0 

Xenon 133/132 1.15 + OoOl 

Yields 134/132 1.52 + Oo01 1.6 + Ool 

136/132 1.60 + Oo03 1.9 + Ool 

83/84 Oo65 + Oo04 0.65 + Oo06 
Krypton 

85/84 1.13 + 0.11 1.1 + Oo2-
Yields 

86/84 1.52 + Ool8 1.5 + Oo3 

Results taken from the mass spectrometric data of Pleva (9). 
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unusually high. However, the measurement 	of this yield involved 

135 
a large correction for neutron capture on xe. The yield of the 

latter nuclide was not measured mass spectrometrically, but was 

taken·from a radiochemical determination of much poorer precision. 

136
Thtw it is doubtful whether the xe yield from this process is 

actually so high. There are no significant differences in the 

krypton yields from the fission of the two americium isotopes. 

The results from neptunium and americium show that a change 

of one in the neutron number of .the fissioning nucleus does not 

produce a large change in the mass yield curve. 

Theoretical Implications 

These results have an important bearing on the theory of 

fission. The asynnnetric transition state model assumes that, in 

low energy fission, the main features of the fission process are 

governed by a relatively few nuclear states at the saddle point of 

the compound fissioning nucleus. If this is so, then the specific 

nature of the transition state spectrum should have an important 

influence on the shape of the mass yield curve. 

Now the thermal neutron fission of most of the fissile 

233
nuclides whose yields have been studied in detail, i.e., u, 
235 239p 2~1U, u, and l,u, proceeds through compound nuclei which are 

even-even with respect to proton and neutron numbers. The 

transition state spectra of such nuclei should all be quite similar. 



238
On the other hand, the thermal neutron fission of Np proceeds 

through an odd-even compound nucleus. Such a nucleus should have 

a considerably different transition state spectrum. The thermal 

237
neu t ron f . · f Np proceeds t hrough an odd-o 	 compound~ss~on o 	 dd 

nucleus, which should have yet a third type of spectrum. If the 

transition state spectra have an important influence on the mass 

distribution, then one w~uld expect the mass yields from these 

three types of compound fissioning nuclei to show marked differences. 

238
However, we have seen that the yields from Np fission are remark­

235 241
ably similar to those from the fission of u or 	 Pu. Further­

237
more, the yields from the therm.:'ll neutron fission of Np are 

238
almost identical to those from Np fission and the yields from 

241A .t he f . . f· m and 242Am are a 1so qu~te. s~m~ .1ar.-~ss~on o 	 Apparently, 

in thermal neutron fission at least, the features of the mass yield 

curve are not determined by the particular spectrum of transition 

states, but rather by gross features in the fissioning nucleus that 

are quite similar from one nuclide to another in the region of mass 

234 to 243. 

238
The fine structure in the mass yield curve from Np thermal 

neutron fission, particularly the z ig-:wg variation from mass 133 

to 136, probably results from fluctuations in tl1e neutron emiss ion 

characteristics of tile prompt fission fragments. At the present time 

it is not possible to make quantitative predictions about the degree 

of this fine structure because the prompt yields themselves are not 
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23 BN f . . . 1 . . I .k nown f or . p ·1ss1on, nor 1s t te neutron em.tssJon mcc wn.tsn1 

fully understood. However, in the following section, some cal­

128 130
culations of independent r and r yields are made on the basis 

of a simple theory of neutron emission. 



80 82 128
PART II. INDEPENDENT YIELDS OF Br, nr, I, and l30I 

Method of Computation 

The fission product mass chains of interest in the region 

of the independent bromine yields are shown in Figure 16, and those 

in the region of the independent iodine yields in Figure 17. The 

80 
mass spectrometric measurements give the abu.1dances of Kr and 

82 . 83 128 130 . 131Kr relat1ve to · Kr, and of Xe and Xe relat1ve to Xe. 


. 83 131
The absolute cumulative y1elds of Kr 	and Xe are well known for 

most fissile nuclides. However, before the measured isotopic ratios 

can be converted to the independent yields of the shielded bromine 

and iodine isotopes, corrections must be made for neutron capture 

on the end products of lower mass chains. For example, the yield 

129 7of the 129 chain accumulates as I (half-life= 1.7 x 10 years), 

130
which subsequently captures neutrons during irradiation to form r. 

130
Since the independent yield of I is 	very low compared to the 

cumulative yield of the 129 chain, the 	neutron capture contribution 

130can be a sizable fraction of the total I produced. Similarly, 

81 127
Brand I are the end products of their respective mass chains, 

82 128
and capture neutrons to form Br and I. On the other hand, 

79 79
the production of Br in fission is blocked by the long-lived se 

[ 80
(h.::llf-life = 6 x 10' years) , ahd the neutron capture to form Br 

need not be considered. The capture effect is greatest for the 
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130
1 y;eld, because of the compara t'~ve 1-Y I·ng11 y~e· 'ld_ and capture 


. f 1291 


.L 

cross sect~on o . --One can correct for these neutron capture 

effects, however, with a knowledge of the neutron flux, irradiation 

time, capture cross sections, and cumulative yields of the 81, 127, 

and 129 mass chains. 

With the_ above considerations in mind, the absolute 

80 82 128
independent yields of the shielded nuclides Br, Br, 1, and 

1301 .are g~ven. by t he f o ll ow1ng. express1ons: 

80 8 83
Y( Br) [' °Kr/ Kr] Y(83) •••.••...•••••••.•...•••...• · · •••• • (2) 

82 81
Y( Br) Y(Sl)a- (/J T/2 ••..•...•.•.•. (3)

c 

Y(l28I) Y(l27)o~l27 0 J 127 (T) •••.••••• (4) 

Y(l29) o- rA "J'- 129 (5)129 "' (T) ......... 

c 

8 83 82 83 128 131
The isotopic ratios [ °Kr/ Kr) , [ Kr! Kr] , [ xe/ xe] , 

_l130 131
and _ xe/ xel~ are measured by means of t h e mass spectrometer. 

Y(81), Y(83), Y(l27), Y(l29), and Y(l31) are the absolute cumulative 

yields of the mass chains indicated in brackets. The accepted values 

. . 235 233 239
of these cumulative yields for the f1ss1on of U, U, and Pu 

81 127 129 
are given in Table lX. o- o- and CJ are the neutron 

c c c 

81B 127 129 
capture cross sections of r, and I respectively. TheI' 
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TABLE IX 

SUMMARY OF CUMULATIVE YIELD DATi\ 

USED IN THE COMPUTATION OF INDEPENDENT YIELDS 

Mass 235 233u 239PuNumber u 

80 0.094% 0.20% o. 0481:, 

81 0.14 ex) 0.40% o. 15 7"/, 

82 0.24 % 0.75% 0. 16 '(., 

83 0.544'%, 1. 17"/, 0.30 'I, 

126 0.032'/, 

127 0.13 '/,, 0. 60'/., 0.48 'X, 

128 0.3751:, 1.1 '7u o. 7l '/,, 

129 0.8 (%) 1.9 fo 1.7 '/., 

130 2.0 % 2.6 % 2.7 /:, 

131 2.93 % 3.39% 3.78 % 

235 1u and 239 ·E~t.I d I f ·1 · lnta are ta~en :rom t.te comp1 at1on JY 

2:33 1Meek and Ryder ( 40 ). U ( <t ta are taken from K;tl:cof [ 1 s 

compilation (?J). 
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values of these cross sections are 	shown in Figures 16 nnd 17. 

":1127 °1129 
~ is the average neutron flux, and 	~ (T) and ~ (T) are 

functions of the irradiation time T. These functions take into 

127 dconsideration I incomp 1ete [3-decay o the precursors of I ant1e 	 f 

12 9 	 . f .._ 12 7 ( T) d , ~J 129 ( T) . .I. The express1ons or .71 · an ./ are g1ven 1n 

Appendix 	D. 

In some cases it has been necessary to correct the observed 

isotopic ratios for traces of atmospheric contamination. Corrections 

128 130 
to tl:e observed Xe and Xe abundances were made from the 

129
abundance of Xe. This isotope comprises 26.44'% of atmospheric 

xenon, but its production in fission is blocked by the long~lived 

129 7
I (half-life= 1.7 x 10 years). 


8 82

Atmosplerlc1 	 · correc t 1ons to the °Kr and -Kr ab11ndances· 	 ar'-'-, 

more difficult to make. Because of the extremely low independent 

80 8
yield of nr, the resulting °Kr is often completely obscured by 

atmospheric krypton contamination. In such cases only an upper limit 

80
can be set for the independent yield of Br. The situation is less 

82
serious with the Kr abundance, because the independent yields of 

80 
are generally from 10 to 100 times as great as the Br yields. 

8Thus, if 	the °Kr abundance is not unusually high, it can be concluded 

82
that the Kr abundance is not seriously affected by atmospheric 

contamination. 



TABLE X 


235 130 128
u FISSION; INDEPENDENT YIELDS OF I AND I 


l30Xe/l31Xe y (l30I) l28Xe/131Xe y (128I)Sample Neutron Flux Irradiation 

Number (X1013n/cm2/sec) Time (hours) Xl0-4 Xl0-4 % Xl0-5 Xl0-5 % 


E-1 


E-2 


E-3 


E-5 


E-6 


E-7 


E-8 


1. 9 7 ±. 0. 08 1450 1.38±.0.04 1.32 ±. 0.16 


L 17 :t 0. 04 213 7 1. 3 2 ±. 0. 03 1.30 ±. 0.13 


1. 7 ±. 0. 3 1632 1. 55 ±. 0. 04 1.8 + 0.5 


1.2 + 0. 2 480 1.28 ±. 0. Ol 2.2 + 0.2 - - - - - ­

1.2 + o. 2 1000 2. OS ±. 0. 03 2.6 + 0.5 0.72 ±. 0.06 1.08 + 0.25 


0.9 ±. o. 2 333 1.05 ±. 0.13 2.3 + 0.4 - - - ­

0.9 + o. 2 333 0.97 ±. 0.01 2.1+0.2 


Average Independent Yields (2.3 + i_1,3) (1.4 + C.3 
x1o--+-r ~- x1o-~ ~ 

..-:; 
~ 

'­

http:1.38�.0.04


TABLE XI 


235u FISSION; INDEPENDENT YIELDS OF 82 Br and 80Br 


Sample Neutron Flux Irradiation 82Kr/8\r y (82Br) 
13 2Number (X 10 n/cm /sec) Time (hours) X 10-4 X 10-5 % 80Kr/83Kr y (80Br) 

E-1 

E-2 

E-3 

E-4 

l. 97 ±. o. 08 

-L 17 + 0. 04 

1.7 ± 0.3 

1.7 + 0.3 

1450 

2137 

1632 

1099 

1.15 ±. 0.10 

1.28 ±. 0. 03 

1.21 ±. o. 05 

1. 2 7 ±. o. 08 

4.0 ±. 0.5 

4.94±. 0.17 

4.2±.0.5 

5.3 + 0.5 

4.1 X 

9.5 X 

l. 2 X 

4.5 X 

10-6 

10
-7 

10-6 

10-6 

2 

5 • 2 

7. 0 

2 

X 

X 

X 

X 

10-6 

-710 

-710 

10-6 

7. ,. 

~ 
"l 

~ 
l, 

E-6 1.2 + o. 2 1000 ""'-'' 1 ._,5 

(4.6 ±. 0.5) (6 ±. 1)Average Independent Yields 
X 10-S % X 10- 7 

·~ 



TABLE XII 


233 130 128u FISSION; INDEPENDENT YIELDS OF r AND 1 

13 OXe I l31Xe y ( 1301) 128Xe/131Xe y (1281)Sample Neutron Flux Irradiation 
13 2

Number (X 10 n/cm /sec) Time (hours) (X l0-4) (X 10-3 %) (X 10-5) (X 10-S %) 

F-1 1.2±.0.3 250 8.31 ±. 0.04 2. 64 ±. 0. OS 1. 26 ±. o. 15 3.7 ±. 0.5 

F-2 1.2 ±. 0.3 250 9. 08 ±. 0. 30 2.90 + 0.11 1.11 ±. o. 23 3.2 ±. 0.8 

F-3 1.2±.0.3 250 9.38 ±. 0.20 3.00 ±. 0.08 1. 09 ±. o. 07 3.1 ±. 0.3 

F-4 0.9 ±. 0.3 360 9.70 ±. 0.16 3. 09 + o. 08 ------ - - - - ­

(2.91 ±. 0.17) (3.3 ±. 0.5)
Average Independent Yields 

X 10-3 ;i, X 10-5 % 

..::; 
'-.:: 



TABLE XIII 

233 82 80r FISSION; INDEPENDENT YIELDS OF Br and Br 

Sample Neutron Flux Irradiation 82Kr/83Kr y (82Br) 
13 2Number (X 10 n/cm /sec) Time (hours) (X 10-3) (X 10-3 ~0 80Kr/83Kr y (80Br) 

F-1 1.2 + 0.3 250 1.10 ± 0. 11 1.28 ± 0.13 <2 X 10­5 
~ 2 X 

-510 % 

F-2 1.2+0.3 250 o. 82 ±. o. 06 0.95 + 0.07 ~·~ X 10-5 ..:: 2 X 10- 5 ~~ 

F-3 1.2+ 0.3 250 1.13 ± 0. 27 1.3 ±. o. 3 

F-4 0.9 ± 0.3 360 1.10 ± o. 03 l. 28 + 0, 03 L 2 X 10-5 <..2 X 10-5% 

(L 20 ::_ 0. 15)
Average Independent Yields ·c~ 2 X 10-\,, 

X 10 - 3': 

~ 

'-" 



TABLE XIV 


130 128
239Pu FISSIO~; INDEPENDENT YIELDS OF I AND I 


Sample Neutron Flux Irradiation 

13 2
Number (X 10 n/cm /sec) Time (hours) 

G-1 


G-2 


G-3 


G-4 


G-5 


1.0 + 0.3 

o. 70 + 0.20 

1.3 + 0.4 

1. 05 ± o. 04 

1.15 ± o. 04 

224 


336 


224 


5 76 


672 


130xe;l31Xe 


X 10-3 


l. 42 ± o. 03 

1.40 ± 0.01 

1.40 ± 0.03 

1.3g)± 0.004 

1.392 ± o. 011 

y (130I) 


X 10-3 lo 


5.26 ± 0.11 

5.16 + 0.06 

5.15 + 0.12 

4.90 ± 0.02 

4.81 ± 0.04 

128xe/31Xe 


X 10-:> 


2.82 ± 0.10 

2.1 + 0.5 

2.68 ± 0.10 

2. 80 + 0. 15 


y (128I) 

X 10-S 7o 

10.3 + 0.4 

7.4 ± 1.9 

8.6 ± 0.4 

8.5 + 0.5 

(5.06±0.17) (8.7 ± 1.0)
Average Independent Yields 

x lo-3% x lo-s ~ 

'0 
+> 

http:5.06�0.17


TABLE XV 

239 82 8n
Pu FISSIOf:; INDEPENDENT YIELDS OF Br and -Br 

Sample Neutron Flux Irradiation 82Kr/83Kr y (
8? 
~Br) 

13 2Number (X lo n/cm /sec) Time (hours) X 10-4 X 10-~ 80Kr/83Kr y (80Br) 

G-1 

G-2 

1.0 + 0.3 

0.70 ± 0.20 

'"'"'L...:.:L.t 

336 

5.6 ± 0.9 

4.8 ± 0.3 

1.66 ± 0.27 

1.42 ± 0.08 

...-...:.:1 

-
<) 

-5
x·lO 

-6 
X 10 

""':.::..3 X 

1 5~-~- • X 

10­6% 

10
-6_., 

?':; 

G-3 

G-4 

1.3 ± 0.4 

1. 05 + o. 04 

224 

5 76 

4.9 + 1.4 

6.8 ± 0.5 

1.5 ~:.-+ 

1.49 + 0.15 <--2 X 
-5

10 r<:..o X 
10-6_ 

;r~ 

(1.52 J.18i
Average Indpendent Yields 

-1-

_,,:;; l. 5 X 1Q 
}: }_ :J-~~ 

--:::: 



'T'ABLE XVI 

238Np FISSION; FRACTIONAL CHAIN YIELDS OF 130I, 1281, and 82 Br 

Sample Number A-1 A-2 A-3 
Average fractional 

chain yield 

130Xe/131Xe x 10-4 - ­ 8.31 ± 0.04 9.03 + 0.10 - - - - -
rc 130r) X lo- 4 - ­ 4.8 + 1. 8 5.9 + 1. 8 (5,4 ± 1.8) X 

-410 

128xe; 131xe x 10-~ - - 4. 7 ± o. 7 3.3 ± 0.2 - - - ­ -
F( 128r) X 10-4 - ­ 3.0 ± o.s 1.8 + o. 2 ~(2.4 ± 0.6) X 

-4
10 

82Kr/83Kr ~ 7 X 
-410 . - - - ­ - - - ­ - - - - ­ - -

F(
82

Br) "'!!:!: 1. 4 X 
-310 - - ­ - - - - ­ - - -3<1.4x 10 

14 2Each sample \vas irradiated for 336 hours at a flux of 2 x 10 n/cm /sec. 



235
Yields from u Fission 

130 128
The absolute independent yields of 1 and 1 from the 

235 1t herma 1 neutron f · · £ u are g~ven· ~n. Ta bl e X , and tnose o f~ss~on o 

82 B d SOB f h f. . . 1· d . . T bl , XIr an r rom t e same ~ss~on~ng nuc ~ e are g~ven ~n a e . 

The second and third columns in each table give the average neutron 

fluxes and irradiation times for each sample. The fourth and sixth 

columns give the measured isotope ratios after corrections have been 

made for any contamination by atmospheric rare g;1ses or naturaLly 

occurring ha logcns. The c·rrors quoted here <lrc the standard 

de vi~1 ti ons of the distributions of indi vidua I peak height ratios. 

The fifth and seventh columns give the computed absolute independent 

yields of the halogen nuclides. The errors in these columns include 

the errors in the neutron capture corrections and in the measured 

isotopic ratios. 

235· u 1 . Samples E-1, E-2, 

E-3, and E-4 were purified by induction heating, and were believed 

to have a higher degree of purity. Also, thesE> samples were irradiated 

I n a 11 , e1.gh t samp1es were ana yze d 

for longer times at higher fluxes, and therefore gnve more precise 

128
d<t t:a on tlH' vPry ] 1nc· ependen : · ] o !-- r 8 :!.1,,r, ,·1nd_ ow l t y1.e -, ( s _, 

80J',r. 

130
The neutron capture corrections for I from these samples, however, 

130rj 1 ttey oJscureI ~n · o! ..were so arge t1at 1 d t1ef • d ependent y1e 'ld ­

Samples E-5, E-6, F.-7, nnd E-8 were irradiated for shorter times at 

130
lower fluxes, and gave more precise data for the r yield. 
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128 
The I yield value from sample E-6 agrees with the values 

from the other samples within the limits of experimental error. Since 

sample E-6 was purified by a different method thari samples E-1, E-2, 

128
and E-3, the possibility of the observed I yields being seriously 

affected by natural iodine contamination is remote. The major portion 

130 128
of the errors in the I and 1 yields arises [rom uncertainties 

in the neutron capture corrections rather than in the measured 

isotopic ratios. 

All the independent yield measurements are consistent with 

80 
one 	another except for those of Br. In Table XI it is seen that 

80 83
the Kr/ Kr values are much higher in samples E-1 and E..;.4 than in 

samples E-2 and E-3. The higher values are apparently due to con­

tamination. The lower values are taken to represent the independent 

80
yield of Br. 	 Even in these cases, however, the possibility of 

atmospheric contamination cannot 	he entireJy ruled out. For each 

80
sample in Table 	XI, the observed Kr abundance has been multiplied 

82 8
by the ratio of Kr to °Kr in the atmosphere (11.56/2.27) in order 

82
to give the possible atmospheric 	contribution to the observed Kr 

abundance. This possible contribution has been included in the 

82 83
uncertainty of the Kr/ Kr measurement. 

80
If in a given case all the observed Kr were due to neutron 

capture on natural bromine, then the contrihuUon of such contamination 

82 . 	 d 1 1to the Kr abundnnce wotd he neg igib e, since a 	 neutron irr;1di<1tion 

82 80
of n;Jturnl bromine produces only 	one third as much Kr as J<r. 

http:11.56/2.27
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The averages of the various independent yields are shown at 

the bottom of the tables. 

126 	 126x .I: 	 I n samp1es E- 1 and E- 2 a search was ma de f or e resu 1t~ng 

126 126
from the independent 	yield of the shielded nuclide r. No xe 

was observed, and a upper limit of 1 x 10-
6% was established for the 

independent yield of 	
126I. 

233Yields from u Fission 

The absolute independent yields from the thermaJ. neutron 

233 130 128fission of U are shown in Table XII ( I and I yields) and 

82 80Table XIII ( Br and Br yields). The tables are constructed in a 

235 u f 80- · ·1 1 f · ·manner s~m~ ar to t1ose or ~ss~on. The Kr peak was not 

observed, and it was 	 possible only to set an upper limit for the 

80
independent yield of Br. This upper limit is 	still two orders of 

8'2magnitude lower than the measured yield of Br. Thus there can be 

82 
no significant natural contamination contributing to the Br yield. 


130 128 82

The r, I and 	 Br independent yield values are consistent for 

the four samples analyzed. Averages are taken and shown at the 

bottoms of the tables. 

239Yields from Pu Fission 

130I 128I. d d . ld f d f 1 l 1The a bso1ute 1n epen ent y~e s o an rom t 1e t wrma . 

239 82
neutron fission of Pu are shown in Table XIV. The independent Br 
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80 . 239
and Br ylelds from Pu are shown in Table XV. The tables are 

235
constructed in a manner similar to those for U fission. In 

Table XIV, it is noted that the spread in absolute yield values is 

much greater than the spread in i.sotopjc ratios. This incre;tst~ in 

spt·ead can be attributed to uncert:tint:ies in tile corrections for 

neutron capture processes. The jndependent iodine yield values c.tre 

averaged, and the spread is represented as a standard deviation. 

In the krypton region (Table XV) only an upper limit could 

80
be se.t for the independent Br yield. This is still two orders of 

82
magnitude lower than the measured Br yield. Thus there can be no 

82
significant natural contamination contributing to the Br yield. 

The values for this yield are consistent from sample to sample, and 

are averaged. 

238
Yields from Np Fission 

238
Since none of the <1bsolute cumulative yields for Np fission 

are known, it '"'as not possible to determine absolute independent yields 

for this nuclide. However, it is the fractional chain yields that 

are most useful in discussing theories of charge distribution in 

fission. It is possible to derive information about the fractional 

1281. . 1d f 82 B d l30I f. h . .c 1taln yle s o _ r, , an rom t e me:1 surea ra t1os 

It was seen in Fi1~ure U of the previow; 1;cclion that tlw rnass 

yitc'ld curve for 238Np fission ha:; the same shap(~ as that for :!_'j'J[I 

McMAS.IER UNI~ERSILY: LIBRA~ 
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fission in the mass rc.mge 131 to UJ. Although no yields w<'r<' 

238
measured for Np fission in the mass range 127 to 131, it is not 

an unreasonable assumption that the mass yield curves from the two 

fission processes have the same shape in this region also. Mass yield 

curves in this region are generally quite smooth, and their shapes 

are not drastically different from one fissile nuclide to another. 

Thus, to a first approximation at least, the yields of the mass 

chains 127, 128, 129, and 130 expressed relative to that of 131 are 

238 235. . f u f. .tl1e same f or Np f 1ss1on as or 1ss1on. On this basis the 

128 130fractional chain yields of r and r can be expressed as follows: 

128 
F( r) = p28xe/ 131x~ [Y(l31)/Y(l28~ - [Y(l27)/Y(l28)] 

127 "':1127 
X a- ~ .::r (T) ••••••••••••.••••.••• (6)

c 

130 130 131 
F ( r) [ xe; x.J [Y( 131) /Y(l3 08 - [Y( 129) /Y(l30)] 

x cr 12 9 ~ J-12 9 ( T) • • • • • . • • • • . • . • . • . • ... (7) 
c 

128 131 130 1311so op1c 1os e xe-] _ those 

238

The · t · ra t · [ x e ; x ] and [ xe; · are 

measured for Np fission. The absolute cumulative yields Y(l27), 

?3"'
Y(l28), Y(l29), Y(l30), and Y(l31) are the values for- JU fission 

taken from Table IX. The other terms appearing in these equations 

are the same as those defined for equations (4) and (5). 

In the region of the krypton yields, the mass yield curve 

238 235for Np fission is somewhat different than that for u fission. 

82However, the error involved in the Kr measurements is much larger 
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than the error involved in assuming Y(82)/Y(83) to be the same for 

238N f. . f 235u f. .p ~ss1on as or 1ss1on. Thus, the fractional chain yield 

82 238
of Br from Np fission is: 

r82 83 81
Kr/ Kr] [ .. (83) /Y(82l) L(81) I (8 '] rA I (8)
L l: Jj - ~ y 2; ~ 'P T 2 •• 

82 238
Again, the isotope ratio [ Kr183

KrJ is that measured for Np 

fission, and the absolute cumulative yields Y(Sl), Y(82), and Y(83) 

235 
are the values for u fission taken from Table IX. 

237 14
Three Np samples irradiated in the high flux (2 x 10 

2 130 128 82 .
neutrons/em /sec) were analyzed for I, I, and Br fract1onal 

238
chain yields from Np fission, as well as for cumulative yields. 

The fractional chain yield results are shown in Table XVI. 

Unfortunately, the HCl used to purify the neptunium contained 

a high level of natural bromine contamination. Thus it was possible 

82Bon ·1 y to set an upper 1 . . on t he r f . 1 cha1n. y1e ld1m1t ract1ona . , and 

to ~~ke no meaningful statement at all about the 
80

Br yield. This 

. 130 131 upper limit was determined for sample A-1. The rat1os Xe/ Xe 

128 131
and Xe/ xe were obtained from samples A-2 and A-3. The observed 

128
I fractional chain yields are exceptionally high -- being about 

130
half the I fractional chain yields. The possibility of naturally 

occurring iodine in the HCl again cannot be ruled out. Thus the 

128 128
measured I values can only be taken as upper limits on the I 

130I1 cna~n. y1e port~on o · t11ef-rae t 10na. ' . ld . The maJor. · f t1el error 1n • 
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yields is due to uncertainties in the average neutron flux. The 

average values of the various fractional chain yields are shown in 

the last column of Table XVI. 

Summnry of the Absolute Independent Yields 

The absolute independent yields of the shielded bromine and 

235 233 239
iodine isotopes from the fission of· U, U, and Pu are 

summari?:ed in Table XVII. Also shown for comparison are the previous 

mass spectrometric results obtained by Kennett (44) and Pleva (50) 

82
along with some radiochemical data on the Br yields. 

239
The present lJ01 yield from the fission of Pu agrees with 

130 235
Kennett's result, but the 1 yields from the fission of u and 

233u are somewhat lower than reported previously. In the case of 

235
U fission, Pl<~va's results were obtained from a sample of n reactor 

fuel rod, which had be~n subjected to a very long irrad:intion. Jlis 

measurements necessarily involved large neutron capture corrections, 

and consequently a greater margin of error. The present value, on 

the other hand, involves comparatively small neutron capture corrections. 

128I ld f 235u r· . 1 ·pl ' Th e present yie rom .1ss1on agrees witt eva s 

value but is a factor of three lower than Kennett's value. The 

128 233 239
present 1 yields from the fission of u and Pu are al.so a 

factor of three or lcllir lnwer than Kennett's values. The lz1ttcr 

results might have heen affected by nntural iodine contnmination. 

It should be pointC'd out in this colllt'.Xt that Kennett's data r('pn~sent 

http:colllt'.Xt
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TABLE XVII 

SL'r1NARY OF ABSOLUTE INDEPENDENT YIELD DATA 

Fission Fissile 
Product Nuclide Present \-lork Kennett (44) Pleva (50) Radiochemical 

80Br 	 235u (6 ±. 1) X 10- 7 ~~ 

II 233li ') 10 - 5 
=/

~- X ' 


II 239Pu - - -6-,

<-l,:J X 10 ;, 

235 __82Br u (4.6 + 0.5) X 10-5% 

233uII (1.20 ± 0.15) X 10-3% 

239Pu" (1.52 ± 0.18) X 10-4% 

126I 235u <.:....L ' X 10-6
:•,-· 

128I 235u (1.4 ±. 0.3) X 10-5% 

233l" 	 _.., 
II (3.3 ±. 0.5) X 10 J% 

II u239p (8.7 ± 1.0) x 10-::>% 

130I 235u (2.3 ±. 0.3) X 10-4% 

233\_)II (2.91 ± 0.17) X 10-3% 

239Pu c 0 + I l -) 10-3 
'I

II 	 ), b _ L. t. X ~ 

4. 0 X 10-5% 4 X 10- 7% 

-42.34 X 10 % 

-404.5 	X 10 % 5.4 X 10-5% 3 X 10-5% (43) 

-3 -4
2.28 	X 10 % 7.46 X 10 % (51) 

-3­------	 3.6 X 10 % (52) 

-5 l0- 5 ~5.0 X 10 % 	 l , 8 X - k 

l. 34 X 10- 4/, 

4(2.15 	±. 0.05) X 10-
I 

~ 

-4 _I, 

5.11 X 10 %. 	 .i, 7 X 10 ~~~ 

(3.9 ± 0.3) X 10-3-
% 

(5 • 2 ± 0. 4) X 10-3-:•, 

,., 
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only one or two independent determinations of each yield, whereas the 

present data represent from three to five consistent measurements 

for each yield. Thus the possibility of serious error arising from 

contamination is greatly reduced in the present case. 

126	 235
The present 1 yield from u fission is only an upper 

limit. No previous attempts to measure this yield have been reported. 

82 80 235
The present Br and Br yields from u fission agree with 

Pleva's results within the limits of experimental error (within two 

standard deviations). The high yields that Kennett obtained for 

82 80
Br and Br appear to be the result of contamination. If Kennett's 

80 233
Br yield from u fission is assumed to be entirely due to 

atmospheric contamination, then an appropriate correction to his 

82 82
Br yield brings it into agreement with the present Br yield. 


82

Most of the Br yields reported in the literature 	are taken 

82
from 	radiochemical determinations. An early value for the Br yield 

235
from u fission was obtained by Feldman, Glendenin, and Edwards (43). 

It is of the same order of magnitude as the values obtained by mass 

82 
spectrometry. 	 The Br yield measured radiochemically by Santry and 

233
Yaffe (51) for u fission is about half the present value. Marsden 

82 B 239Pd Ya ff e (52) report a r . ld f rom u . t at . 20 .an y1e f.1ss1on h 1s t1mes 

the mass spectrometric result. However, the mass spectrometric measure­

ments of the independent yields of the shielded nuclides are believed 

to be more accurate than the radiochemical determinations, which 

involve detailed chemical separations and low counting rates. On the 
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other hand, the only serious source of error in the mass spcctrL)metric 

determinations· is natural contamination. The possibility of bromine 

or krypton contamination contributing significantly to the observed 

82
Br yields has 	been ruled out in the present study by the lo\v level 

8of the observed °Kr abundances. 

In summary, then, the present results for the independent 

82 128 130 235 233yields of Br, I, and I from the fission of u, u, and 

239 80 235Pu as well as the Br yield from the 	fission of u can be 


80

accepted with confidence. The yields of Br from the fission of 

233 239 126 235u and Pu and of I from the fission of u are to be 

taken as upper limits. 

SU!TIIlk'lry of Fractional Chain Yields 

The quantity of greatest interest to the theories of nuclear 

ch<Jrge distribution in fission is the fractional chain yield of a 

given nuclide, i.e., the absolute independent yield of the nuclide 

divided by the cumulative yield of its mass chain. The average values 

. . 80 82 126 128 130
of the fractional chain y~elds of Br, Br, I, I, and I 

from each of the four fissile nuclides studied are summarized in 

Table XVIII. The fissile nuclides are arranged from left to right in 

the order of increasing charge density of the compound fissioning 

238nucleus. The Np yields are taken directly from Table XVI. The 

235 239 233fractional chain yields from u, 	 Pu, nnd u are calcul<tted 



TABLE XVIII 

SUMMARY OF FRACTIONAL CHAIN YIELD DATA 

Fission Process 238Np + n 235u + n 239Pu + n 233u + n 

Charge density of 

compound fissioning 0.3891 0.3898 0.3917 0.3932 

nucleus 

F (
80

Br) (6 ± 1) X 10-6 
~3 X 

-510 L_1 X 10-4 

F (
82

Br) ~1 ' - ,If X 10-3 (1.9 ± 0.2) X 
-410 

.
(9.5 ± 1.1) X 

-4
10 (1.60 ± 0.20) X 

-310 

F ( 1261) ..,;:::3 X 
-510 

F (1281) !:(2.4 ± 0.6) X 10-4 (3.7 ± 0.8) X 
-510 (1.23 ± 0.14) X 

-410 (3.0 ± 0.5) X 
-5

10 

F (1301) (5.4 ± 1.8) X 10-4 (1.15 ± 0.15) X 
-4

10 (1.87 ± 0.06) X 
-310 (1.12 ± 0.07) X 

-310 

"-) 
0 
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from the absolute independent yields of the present work and from 

the accepted values of the cumulative yields summarized in Table IX. 

It is instructive to plot the fractional chain yield of a 

given fission product as a function of the charge density of the 

compound fissioning nucleus. This is done in Figure 18 for the 

82 80	 130 128
Hr and Br yields, and in Figure 19 for the I and 1 yields~ 

82
It can be seen from Figure 18 that the logarithm'of the Br yields 


235 239 233

from u, Pu, and u fission increases almost linearly with 

·.this char~e density. This trend can be understood as a shifting of 

the most probable charge to progressively higher values as the 

charge density of the fissioning nucleus increases. The independent 


82 80
Bi and Br yields lie on the high side of the charge distribution 


curve, and therefore increase in an approximately exponential manner. 


82 238
The Br fractional chain yield from Np does not conform to this 


trend. However, this last measurement represents an upper limit 


80

only. The upper limits of the Br fractional chain yields are 

consistent with the general trend. 


130 128 .

The I and I fractwnal chain yields in Figure 19 do not 

display this simple linear dependence on the charge density of the 


130

fissioning nucleus. We do observe an increase in the 1 fractional 


235 233
· · ld · · f u f · · u f · · ld 

130.- . ld f 238Np d 239p f" . 

c ha1n y1e 1n go1ng rom 	 1ss1on to ·1ss1on, as we wou 

expect. llowever, t lH' .L y1e . 	 s rom an u 1ss1on are 


128 235

too high. We would expect the 1 yield from u fissibn to be 


1ower tanh tath f rom f.1ss1on, w ereas, . f·act, t h e two yi.e ld
23 3lJ . h 1.n 	 . s 
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128	 239
are about equal. Furthermore, the I yield from Pu fission is 

235 233
considerably higher than the two yields from u fission and u 

fission. Thus there appears to be no simple correlation betw·een the 

iodine fractional chain yields and the charge density of the fission­

ing nucleus. 

Predictions by Conventional Charge Distribution Theories 

In Table XIX the values of the fractional chain yields 

predicted by conventional theories of charge distribution in fission 

are compared with the experimental results. For each calculation, 

a Gaussian charge distribution of the following form is assumed: 

2(Z - Z ) p
1 cP(Z) e 	 • • • • • • • • • • • • • • • • • • • • • • • • • • ( 9) 

~ 
The most probable charge is calculated by a number of approaches: 

equal charge displacement (ECD), maximum energy release (MER), and 

Wahl's empirical Zp function. For the ECD and MER calculations, a 

constant value of c 1.00 has been assumed. For the calculations 

from Wahl's empirical Zp function, c has been allowed to vary with 

fission product mass number in order to obtain the best agreement 

with the experimental data. 

In the bromine region the 	ECD calculations are in reasonable 

80agreement with experiment for the Br yield from the fission of 

235 82 . 235 233U and for the Br y~elds 	from the fission of U and U. 

82Also, the ECD values for 	the Br yield from 238Np fission and the 



TABLE XIX 

•
FRACTIONAL CHAIN YIELDS CALCULATED FROM CONVENTIONAL APPROACHES TO CHARGE DISTRIBL'TION IN FISSION 

Fission Fissile Yield from Yield Calculated Yield from MER 
Product Nuclide ECD (C=l.OO) from lvahl (C=l.OO) Experimental Yield 

80Br 235u 4.70 X 
-610 5.81 X 

-610 - - ­ (6 + l ) X 10-6 

(C=O. 94) 

II 
239

Pu 7.39 X 
-510 - - ­ - - ­ .-::...3 X 

-::>
10 

II 233[ 2 • 77 X 
-510 - - ­ - - ­ ..C::.l X 

-410 

82Br 238N• p 3.85 X 
-410 - - ­ - - ­ ::::::::1.4 x -310 

" 235[ 2.22 X 10-4 1. 98 X 10-4 - - ­ (1. 9 ±_ 0.2 ) X 
-410 

(C=O. 78) 
II 239Pu 2.05 X 

-310 - - - - ­ - (9.5 ±_ l. 1 ) X 
-410 

II 233u 2.05 X 10-3 1. 44 X 10-3 - - - (1.60 ±_ 0.20) X 
-310 

(C=O. 78) 

1281 ?r- )u 5.51 X 
-710 - - - 3.78 X 

-510 (3. 7 ±_ 0.8 ) X 
-510 

" 239Pu 4.70 X 
-610 - - ­ 6.96 X 

-510 (1.23 ±_ 0.14) X 
-410 

" 233u 1.05 X 
-510 - - - 9.37 X 

-510 (3. 0 ±_ 0.5 ) X 
-510 

l30I 238N 
i. p 7.85 X 

-510 - - - - - ­ (5. 4 ±_ 1. 8 ) X 
-410 

" ':'J ~ - )u 1.05 X 
-410 - - ­ 1.26 X 

-410 (1.15 ± 0.15) X 10-4 

" 239Pu 5.59 X 
-410 - - - 2.22 X 

-410 (1.87 ~ 0.06) X 10-3 

" 233u 1.04 X 
-310 - - - 3.85 X 

-410 (1.12 ±_ 0.07) X 
-310 

f--' 
f--' 
N 

ECD = Postulate of equal charge displacement 
HER = Postulate of maximum energy release (26). 
\vahl = \'ahl' s empirical Zp function (30). 
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80 233
Br yield from u fission are within the upper limits obtained 


80 82 239

experimentally. The calculated Br and Br yields ftom Pu 

fission are each high by a factor of two. However, the ECD cal­

culations in the last cases are not as accurate, because the most 

stable charge, ZA, on the complementary fragements is in the region 

of a proton shell. 

80 235 82
The Br yield from u fission and the Br yields from 

235 233
the fission of u and u have also been calculated from Wahl's 

empirical Zp function. A value of c = 0.94 gives agreement for the 

80 mass chain, and a vAlue of 0.78 gives agreement for the 82 mass 

chain. Both these values are within the limits prescribed hy Wahl 

for the value of c, i.e., c = 0.86 + 0.15 (31). Th~s the independent 

bromine yield data are consistent with the general empirical trends 

observed by Wahl. 

130
The 1 yields calculated from the ECD postulate for the 

235 233 .
fission of U and U are 1n good agreement with the experimental 

130 238
results. However, the predicted 1 yields for the fission of Np 

d 239p f 1 128
an u are ar too ow. The 1 yields predicted by the ECD 

postulate are too low for all the fissile nuclides. The postulate 

of maximum energy release gives better agreement for the 128 mass chain. 

However, no theory of charge distribution is able to explain 

128r 1301. f d . 1 . ldst he 1rregu. l.ar var1.at1on. o t he an f ract1ona. c ha1n. y1e 

with charge density of the fissioning nucleus, as illustrated in 

Figure 19. Every theory predicts an approximately linear increase in 



114 

Zp with increasing charge density, and thus a corresponding increase 

in the logarithm of the fractional chain yields. Also, there i,s no 

reason to believe that the shape of the charge distribution curve 

changes drastically from one fiss,ile nuclide to another. We are thus 

128
forced to the conclusion that the irregularities in the observed r 

130and 1 fractional chain yields result from variations in the neutron 

emission probabilities from the prompt fission frag'lfients. This 

situation is analogous to the fine structure in the mass yield curve. 

Neutron Emission Considerations 

In order to understand more clearly how such irregularities 

might arise from neutron emission effects, let us pursue a suggestion 

originally proposed by Cameron (53). He suggested that the observed 

independent yields of the shielded nuclides might he due in large 

part to multi-neutron emission from prompt fragments with the same 

charge, but with considerably higher mass numbers. For instance, the 

130observed independent yield of I can be written as follows: 

130 130where y( r) = prompt independertt yield of I, i.e., the independent 

yield before neutron emission, 

130P probability of lmitting zero neutrons from 1, 

131probability of emitting one neutron from 1, etc. 

0 
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The probabilities of multi-neutron emission decre;tse VtTy 

rapidly as the number of neutrons increases. llowever, the prompt 

independent yields of the iodine fragments increase rapidly with mass 

number in the region of masses 128-136. It is possible that this 

increase in independent yield may offset to some degree the decrease 

in neutron emission probability. In such a case a considerable 

130
portion of the observed I independent yield might actually result 

from iodine fragments formed at mass 132 or 133. 

The probabilities for emitting various numbers of neutrons 

from a given prompt fission fragment depends upon the amount of 

excitation energy allotted to that fragment by the particular fission 

reaction that produced it. If more excitation energy were allotted 

239 238
to the iodine fragments from the fission of Pu and Np than.to 

235 233uthose from the fission of u and , then the neutron emission 

probabilities from higher mass iodine fragments would be considerably 

128
enhanced. This would explain the high observed yields of I and 

130 239 238
I from the fission of Pu and Np. 

There is reason to belie,,e that additional excitation energy 

239. . f . h . d. f f h f. . f p1s, 1n act, g1ven to t e 10 1ne ·ragments :rom t e 1Ss1on o. u 

and 
238Np. F.1rs ·t o f a 11 , the average total number of neutrons 

239 235
emitted during the fission of Pu is 2.88, whereas for u and 

233 
u 	 the number is only about 2.50. This indicates that the excitation 

. . . h 239 p f. . f h. h henerg1es g1ven to t e u 1ss1on .·ragments are 1g er, on t e 

. 235 233 
average, than those g1ven to the U or U fission fragments. 
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Second, the semi-empirical mass law predicts greater 

energy releases 	{n.the formation of the iodine fragments from the 

238 239
fission of both Np and Pu. Table XX shows the total amount 

of energy released in the formation of various iodine isotopes and 

their complementary fragments from the four fission processes studied. 

The energies are calculated from Seeger's semi-empirical mass tables 

239(54). In the case of Pu fission, there is from 13 to 15 Mev more 

235 
energy released for each iodine isotope than for u fission, and 

233
about 10 Mev more than for u fission. If even a small fraction 

of this increase appeared as additional excitation energy on the 

iodine fragments, then the neutron <~mission probabilities from these 

239
fragments would be considerably enhanced for Pu fission. The 

238
energy releases for Np fission are also somewhat larger than for 

the fission of the two uranium isotopes. 

To place the foregoing considerations on a more quantitative 

basis, let us now proceed to calculate the fractional chain yields of 

for the various fission processes by making use of 

equation 10. To begin with, the prompt independent yield of a given 

nuclide is the product of the prompt mass yield at the particular mass 

number and the prompt fractional chain yield for the particular nuclear 

I) 	 . ., I d r 1 f . . r 23 slJ 233t.J . dl rompt mass yJe .. c ata .or lw ··1sS1on o , , ,Jnc·wrge. 

239
Pu are taken from Nilton and Fraser (20). The prompt mass yields 

238 235
for Np fission are assumed to be the same as for u fission in 

the region of mass 128 to 133. It was seen in the previous section 

that there are close similarities in the cumulative yield curves for 
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TABLE XX 

TOTAL ENERGY RELEASES FROM THE FOUR FISSION PROCESSES STUDIED 

Fission 
235u + n 233u + n 238Np + n 239Pu + nFragments 

128I 

+ complement 
173.33 178.09 180.52 188.55 

1291 

+ complement 
179.75 184.18 186.84 194.44 

130I 

+ complement 
181.35 185.42 188.38 l9.':i.SCJ 

131I 

+ complement 
187.05 190.76 194.01 200.79 

132I 

+ complement 
187.91 191.22 194.83 201.21 

133I 

+ complement 
192.85 195.75 199.72 205.68 

All energies are in Mev. Calculations are based on Seeger's semi-

empirical mass tables (54). 
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these two nuclides in this mass region. 

The prompt fractional chain yields are determined from a 

universal Gaussian charge distribution curve as given in equation 9. 

The width, c, of the curve is taken to be constant at 1.00. The 

most probable charge at each mass number is calculated from the 

simplest theory that gives reasonable agreement with experimental 

data in general -- the postulate of equal charge displacement. 

In order to calculate the neutron emission probabilities from 

the various fragments, it is necessary to know the neutron binding 

energies of the fragments and the amount of excitation energy given 

to the fragments. The neutron binding energies are taken from 

Seeger's semi-empirical mass tables (54). The average excitation 

energy per fragment is assumed to be a linear function of fragment 

mass, i.e., to be of the following form: 

E (A) K(A-A ) • • • • • • • • • • • • • • • • • • • (11)
X 0 

This form is analogous to Terrell's universal expression for the 

number of prompt neutrons emitted per fragment (21). By using such 

a linear excitation energy relationship, Thind and Tomlinson (55) 

have been able to reproduce quite well the observed neutron emission 

curve, including "fine structure", for the heavy mass peak from 

u fission. 

The average excitation energy, given by equation 11 for a par­

ticular Ilk1.Ss number, is as:;umed to be independent of nuclear charge. 

235 
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In other words the iodine fragments of interest, having been formed 

by a less probable division of nuclear charge, receive the same 

excitation energies as the fragments formed by the most probable 

division of charge. This assumption receives support from recent 

136
data by Gordon et al. (56) on the range of the shielded nuclide cs. 

k . . 1 c 136c d .They f ound t hat t h e ~net~c energy re ease LOr s an ~ts com­

plementary fragment is considerably less than the average for the 

136 Itk'lss chain. This kinetic energy deficit is about equal to the 

decreasc ~n · t ·11e ca 1cu1ated tota 1 energy re Jcase r· or 
136c,s and L· ts 

complementary fragment, in comparison with the total energy release 

for the most probable fragments at mass 136. Since the excitation 

energy is the difference between the total energy release and the 

kinetic energy, these authors conclude that the excitation energy 

is the same on all fragments at mass 136. 

235 233uFor the fission of u and , the values of the constants 

K and A0 in equation 11 are those used by Thind and Tomlinson (55) to 

. . f 235u f . .duce I o bserved neutron em~ss~on curve or -~ss~on. Torepro t1e 

239 238
explain the higher independent yields for · Pu and Np fission, 

the average excitation energies must be shifted to higher values. 

This is accomplished by keeping the slope, K, of the excitation energy 

line constant, but allowing A to vary. It has already been shown that
0 

additional excitation energy is likely on the fission fragments from 

239 238
Pu and Np fission. 

Some assumptions must be made regarding the distribution of 
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excitation energies about the average value at a given mass number. 

This is particularly important in the mass region of interest, i.e., 

below mass 134. Here the average excitation energy is less than the 

binding energy of the first neutron. If there were no distribution 

in excitation energies, then the number of neutrons emitted per fragment 

would fall abruptly from one to zero as the mass decreased below 134. 

Such an abrupt change is not supported by experimental data. The 

number of neutrons emitted actually decreases gradually to zero as 

the mass approaches 126. Since there are virtually no data on the 

distribution of excitation energies of a particular fragment, the 

simplest possible assumptions are made. The distributions are 

assumed to be Gaussian, with a constant width. The standard deviation 

of the~ distributions must be of the same order of magnitude as the 

average excitation energies, i.e., it must be at least several Mev. 

Energy conservation considerations would restrict its value to less 

than 10 Mev. Within this range, the standard deviation is treated as 

a variable parameter to be fitted to the experimental results of the 

present work. 

A method given by Jackson (57) has been used to calculate the 

neutron emission probabilities from the neutron binding energies 

and the excitation energies allotted to the fragments. This method 

is now outlined briefly: As the excitation energy increases beyond 

the binding energy of the first neutron, the emission probability 

for one neutron rises from zero to one in a step function. The 
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situation becomes more complicated as the excitation energy passes 

the binding energy of the se~ond neutron. The fragment may either emit 

two neutrons with low kinetic energies or one neutron with a high 

kinetic energy. In order to derive the neutron emission p:tobr~bilities 

for more than one neutron, a neutron energy spectrunl of the form: 

-E/T
n(E)DC€ is assumed. E is the kinetic energy of the neutron 

e 

.'lnd T is the nuc]ear temperature. The probability that exactly n 

neutrons will be emitted at excitation energy E is then given by 
~ X 

the neutron evaporation function: 

P(E , n) I(Lln, 2n - 3) - I(An + 1, 2n - 1) ••••..•.... (12)
X 

where 
E 

X 

n T 

Bi binding energy of the i'th neutron, 

T nuclear temperature, taken to he 1.4 Mev [or these ca]culatjons, 

I(u,p) Incomplete gamma function. Values may he found in the 

131
tables by Pearson (58). The neutron evaporation functions for 1 are 

shown in Figure 20. 

The excitation energies for a given fragment are actually 

distributed about an average value. The probability of emitting n 

neutrons from this fragment is given by the overlap integral of the 

excitation energy distribution and the neutron evaporation function, 

P(E ,n). 
X 
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Let us sunnnarize briefly the assumptions made in carrying 

out 	these calculations: 

(l) 	 prompt mass yield data as given by Milton and Fraser, 

(2) 	 the most probable charge on the prompt fragments given by the 

postulate of equal charge displacement, 

(3) 	 a smooth prompt charge distribution curve with a Gaussian shape 

and a constant width, 

(4) 	 a linear dependence of mean excitation energy per fragment upon 

fragment ffiass, 

(5) 	 the mean excitation energy per fragment independent of nuclear 

charge at a given mass number, 

(6) 	 a distrib~tion of excitation energies about the mean with a 

Gaussian shape and a constant width, 

(7) 	 the neutron evaporation the.ny of Jackson. 

The results of these calculations are shown in Table XXI where 

they are compared with the expcd mental results. Three different 

values have been used for the standard deviation of the excitation 

energy distributions, i.e., o­ 4.0, 5.0, and 6.0 Mev. For each 
x 

239 238
value the parameter A for Pu and Np fission has been adjusted

0 

to give the best fit to experimental data for these two fissile 

nuclides. 

All in all, n value of o­ 5.0 Mev gives reasonable 
x 

agreement with most of the experimental data, at least to within a 

factor of two. One could not really hope for more exact agreement 



TABLE XXI 


FRACTIONAL CHAIN YIELDS CALCULATED FRON NEUTRON EMISSION MECHANISH 


Calculated fractional chain yields 

Fission Fissile o-=4.0Mev o- = 5. 0 Mev o- = 6.0 Hev Experimenta 1 
X 	 X X

Product Nuclide 	 fractional chain yield 

128I 23\ 0.979 X 10-6 1.96 X 10
-6 

3.97 X 10
-6 

(3. 7 ±:. 0.8 ) X 10
-5 

II 239p
ll 6.27 X 10-5 6.17 X 

-5
10 6.73 X 10

-5 
(1.23 ±:. 0.14) X 10-4 

II 233r 0.702 X 10-s 1.22 X 10-5 2.16 X 10
-5 

(3. 0 ±:, 0.5 ) X 10
-5 

130I 238:;. p 2.59 X 10-4 2.35 X 
-410 2.30 X 

-4
10 · (5. 4 ±:. 1. 8 ) X 10-4 

II 23\­ 0.965 X 10-4 1.58 X 10-4 2.58 X 10
-4 ( 1. 15 ±:, 0. 15) X 10-4 

II 239Pu 3.16 X , 0-31 2.88 X 
-310 2.80 X 10-3 (1.87 ±:. 0.06) X 10-3 

II 233r 0.769 X 10-3 1.12 X 10-3 
1. 61 X 10-3 (1.12 ±:, 0.07) X 10-3 

239 238Ao for Pu and Np ll2.5 114.3 	 116 .o 

Average excitation energy E (A) K(A-A0 )
X 

235l. d 233... - . .For ; an L t~ss~on, K 0. 73 
Ao =123. 8 

238N . d 239p f' .For p an u ~ss~on, 	 K 0.73 
Ao is fitted for each o-,

X 

ox = standard deviation of the distributions in excitation energy. 
r-­
~v 

+' 
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than this on the basis of the simple assumptions made about the 

charge distribution on the prompt fragments and about the distribution 

in excitation energieg. The only really serious discrepancy is the 

128 . ld £ f. . d d1cu1ate d I y1e rom 235u . wh ich 1s an or er o f magni tu eca ·1ss 1on 

too low. Quite possibly, the 50-proton shell does influence the most 

probable charge on the prompt fragments leading to the formation of 

128
I 1"n tl11"s case. S h an ffect · pred" t e d b t h postu1 t eo fuc e· 1s 1c y e a 

mc"lximum energy release, but has not been considered in the equa 1 charge 

displacement calculations leading to Table XXI. 

A value of cr- = 6.0 Mev gives somewhat better agreement for 
X 

128 . . 130 . 235 233
the I y1elds, but makes the I y1elds from U and U fission 

too high. A value of a­ 4.0 Mev is obviously too low. 
x 

A comparison of Tables XIX and XXI shows that the calculations 

based on neutron emission effects, particularly with cr­ 5.0 Mev, 
x 

are much more successful in accounting for the irregularities in the 

observed yields, tlmn are the calculations based on conventional 

theories of charge distribution. In particular, the abnormally high 

128 130 239 130 238
yields of 1 and 1 from ru fission and of 1 from Np 

fission are explained. 

In conclusion, a mass spectrometer has been used to obtain 

accurate absolute independent yield data on four shielded nuclides 

128
produced in fission. The observed fractional chain yields of 1 

130
and 1 show irregularities that cannot be accounted for by 

conventional theories of charge distribution in fission. However, 



these irregularities have been explained by calculntions ~1sed on 

the details of prompt neutron emission. The observed fractional 

chain yields in other regions of the mass yield curve Ilk-=ty also be 

affected by fluctuations in prompt neutron emission probabilities. 

As more independ~nt yield data of high accuracy become available, 

it will be possible to subject this neutron emission mechanism to 

further tests. 



APPENDIX A 

238 237
RATIO OF THE NUMBER OF Np TO Np FISSIONS 

We shall now derive equation (1) on page 47. During the 

237 238
irradiation of Np the rate of change of the number of Np 

atoms is given by the following differential equation: 

dN(238) 237
N(237)o- f/J A.N(238)dt c 

237
N(237) number of Np atoms. For the irradiation times of 

237
interest in this work, the number of Np atoms can be 

taken as a constant throughout the irradiation period. 

23 7 237o- Np thermal neutron capture cross section. 
c 

238 238Np thermal neutron fission cross section.err 

thermal neutron flux 

238effective decay constant of Np in a reactor flux 

238 
true decay constant + of f/J 

t time from the beginning of the irradiation. 

Using the boundary condition that N(238) = 0 when t = 0, we obtain 

the following solution to the differential equation: 

12.7 
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N(237) o-237 f/J 
c

N(238) 

238
The number of Np fissions occurring in a time intervnl dt is 

f 238
of ~ N(238) clt.clN238 

238If the total irradiation is T, then the total number of Np fissions 

is: 

238
of . f/J N(238) dt 

D'f238 237
N (23 7) o-

c 1-exp(-f.,T)} 
A.T 

237
The number of Np fissions for a total irradiation time T 

is simply: 

0[237
N(237) ~ TN~37 

23 7 237where o­ Np thermal neutron fission cross section.
f 

238 237
Thus the ratio of the number of Np fissions to that of Np 

fissions is: 

238 o­
f 

237 o­
c 



APPENDIX B 

CORRECTIONS FOR THE PARTIAL DECAY OF UNSTABLE XENON AND KRYPTON ISOTOPI~S 

133
We shall derive the expression for the partial decay of Xe 

238
pro d d ~n· t h e ·f · · of Np. The correction expressions foruce ~ss1on 

the other unstable isotopes are quite similar. To begin with, the 

mass 133 chain appears as follows: 

133mTe52-m 

0.7/ 0.871 """ '\i133Sb 0.13
4.1 - m 

0.2~ 
2-m 

l 133~e2.3-d 

0.024/
133	 133Cs20.8 - h I 	 Stable 

0.97~ 
133/

5.27-d Xe 

However, let us ignore the half-lives of short-lived chain members, 

133
and assume that the entire chain is 	formed initially as I. 

133
Furthermore, let us assume that the I decays entirely to the ground 

133 133
state of xe, i.e., we are ignoring the 2.3-day isomer of xe. 

133 133
Now if N( I) is the number of 1 a toms in the sample at a time 

129 
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t after irradiation begins, then 

'\vhere Y(l33) the cumulative yield of the IIk'lSS 133 chain, 

133 238and Ci = decay constant of I. From Appendix A, the Np fission 

rate is: 

238 23 7N(23 7) o- o- f/J2 


- exp(-At)} 

f 

A. 
c r~ 


c { 1 - exp( -A.t)} for an abbreviation. 


133
Using the boundary condition that N( r) 0 at t 0, we obtain 

the following solution to the differential equation: 

C Y(l33) [ 1 - e~p(-a t) exp ( -A.t) -exp(-at)J 
a - A. 

133
The equation for the rate of change of the number of xe ' 

atoms during the irradiation is 

133 
where~= decay constant of Xe. Thus, with the condition 

133
N( Xe) = 0 at t = 0, we obtain 

CY(l33 ) [1 - exp( -Bt) 
f3 

+ 	 exp(-Bt) - exp(-at) o: exp(-Pt) - exp(-~t)J 
a - (~ CX-/1.. A. - 0 
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131 

Between the end of irrad] a tion and the time of Pxtr;tcti on 

o[ the rarP g;tses, the differcntiilll'quation [nr till' number of 

· . . 1atoms 1s s1mp y 

133
whereas the equation for the number of Xe atoms remains the same 

as that used during the irradiation. 

133
After extraction of the rare gases, the decay of 1 no 

133
longer contributes to the abundance of xe. During this time the 

133
Xe decays away in a simple exponential manner, i.e., 

Thus, if Tis the total irradiation time, t the Lime from the end 

of irradiation to the extraction of the rare gases, and T
1 
the time 

from extraction to analysis, then at the time of analysis, the 

133
number of Xe atoms is given by: 

exp ( -0T) - exp ( -ctr)
C Y(l33) 

ex - f3 

ex cxp(-BT) - cxp(-A.T) } cxp(-P,t 1 )ex-A. A - r~ 

- exp ( -ctf) - rt ~ exp ( -A.T ) ­ cxp( -<tr))}
cx-A. 


X exp(-[?t 
1 

) - exp( -ext 1 ) 
J

exp( -BD a - f3 



132 


Now the 134 mass chain is assumed to be formed initially as 

134stable 	 xe. Thus, at the end of an irradiation time T, the total 

134number of Xe atoms is 

238
{total number of Np fissions 1Y(l34) 

C T(l - l - ~~p(-t-.T)) Y(l34) 

238
where Y(134) cumulative yield at mass 134 for Np fission. 

133Dividing the expression for N( xe) by the expression for 

134N( xe) and solving for the ratio Y(133) /Y(l34), we obtain 

Y(133) 

Y(l34) 


1exp(~T') T { 1 - - ~~e(-f,T) } 

exp(-BT) - exp(-aT)[ { -=-1--.....:e=;,l;;..;p(.._-&:::..:BT~) + _1_ 
a-t. a-!3 

exp(-BT)A=~exp(-&Tl} exp(-~t') 

exp(-ctr) - a~A ( exp(-AT) - exp(-ctr))] 

exp(-!3t') 	 - exp(-at')
X 

a-!3 


134 133
The ratio N( xe)/N( xe) is measured directly by the mass spectrometer. 

The various times -- T, t', T' --- are carefully noted during the 
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experiments, and the decay constants are obtained from the literature. 

Thus the relative yield Y(l33)/Y(l34) can be calculated. 

The expression for Y(l35) /Y(l34) has the same form as the 

one derived above. As before, the entire mass 135 chain is assumed 

135
to be formed at 1. However, since a considerable fraction of the 

135x f 136x h d f 135x"e captures neutrons to orm e, t e ecay constant or · e 

must he modified. Thus, during irradiation, the effective decay 

135 .
constant for Xe 1s: 

135 d.p + o- YJ 
c 

. J- IJ~xLrtw <1C'Cay constant o _ · .l' 

· r·· U'>xneutron cnpture cross sectJ on o: e 

f/J neutron flux 

The expressions for Y(87)/Y(86) and Y(88)/Y(86) are 

some\vha t simpler, because the half-lives of the bromine precursors 

can be neglected. We thus have, 

Y(87l N(86Kr)._ '} exp {E(t' + T')} T{1 -l_ -, ;xp(-;..T)_}
Y(86) 8{ N( \r) 1

'" 

.S:XP ( -~= c•x.tU.:qT) } 
E />. 

. g l. 
c;L . N (8(> Kr <P.7- · J<r) 'Jwhere E =- deeay cou;;! Kr and { - ) I N . is the isotopic 

ratio measured by the mass spectrometer. 

The expression for Y(88)/Y(86) is identical in form to the 

above expressi.on. 

http:expressi.on


APPENDIX C 

136
NEU.TRON CAPTURE CORRECTION TO TilE OBSERVED xe YIELDS 

136
In thermal neutron fission, xe is produced as a direct 

result of the decay of the mass 136 chain and also as a result of 

135 136 
neutron capture on xe. The number of atoms of Xe produced 

238
in a time interval dt during the irradiation of Np is given by 

where Y(136) true cumulative yield of the mass 136 chain 

1.35 135 o- neutron c<1pture cross section of Xe 
c 

¢ neutron flux 

135x l . .number o f e atoms present at t1e g1ven t1me. The 

form of this expression has been discussed in Appendix B. 

f 238N f. . }l p 1ss1on rate = C { l - exp(-t..t)J from Appendix B. 

Thus for a total irradiation time T, we have, 

135 135
Y(l36) { 1 - exp( -A.t)} dt + o~ ¢ xe)dtJT 

C JT 

N( 

0 (} 

I~I.J ·132 . 1d r· ... I 1 J • .. XIf I: t 1e y1 c o Xc is to )C measure<.. re a t1 vc to e, 

132 . 
then we must also know the tota.l number of · Xe a toms produc<..'d during 

irradiation. 

134 



X 

13'3 

T 
13')

Thus N( -xe) Y(l32) J C { l - exp(-A.t)} dt 
0 

where Y(l32) cumulative yield at mass 132. 


We thus obtain the following expression for the true yield at 11h1.SS 136 


relative to that at mass 132: 


135
136	 o­

Y(l36) _ {N( Xe) { _ Y(l35) c 
y (132) - N(l32Xe) J Y(l32) 

_ 1 .- exp( -5T) 1 - exp ( -ctr) 1 - exp(-5T)1 
5T ctr 5T 

+ o-ex 

1 - exp ( -t.T) 1 - exp( -5T) 
·ex T 5T 

ex-c. 	 5-C. 

f.N( 136.Xe)/N( 132xe)\ . h . . 	 db f h1. '} ~s t e ~sotop~c ratio measure y means o t e 

mass spectrometer. 

Y(135 	 cumulative yield at mass 135 

135effective decay constant of xe during irradiation 

_135 rio( true decay constant) + 0 'P 
c 

135decay constant of I 


238
effective decay constant of Np 


238
(true decay constant) + of ¢. 



APPENDIX D 

NEUTRON CAPTURE CORRECTIONS IN THE INDEPENDENT YIELD DETERMINATIONS 

In equations (4) and (5) on page 87, reference was made to 

J- 129
the functions 'J 12 7 (T) and (T), which express the time dependence 

127 129
of the decay of the precursors of 1 and I respectively. These 

functions are derived from the data in Figure 17. Both functions 

have the same form; only the values of the respective constants are 

different. In each case, the entire chain yield is assumed to be 

initially formed at antimony. 

The relevant differential equations are: 

dN(Sb) 
dt 

dN(Te,..isomer) 
p a N(Sb) - 0N(Te-isomer)

dt 

dN (Te-ground state) 
q aN(Sb) + f)N(Te-isomer) - yN(Tc-ground state)dt 

dN(I) 
yN(Te-ground state)dt 

N(X) number of atoms of species X present at a given time, 

N number of nuclei of the fissioning species, 

136 

0 



137 

o­ neutron fission cross section of thC' [lssioning spC'cit:'S,
f 

.1eutron flux, 

y cumulative yield of the 127 or 129 chain, 

t time from the beginning of the irradiation, 

a decay constant of the antimony, 

decay constant of the isomeric state of tellurium, 

y decay constant of tlte ground state of tellurium, 

p fraction of the antimony which decays to the isomeric st~te 

of tellurium, 

q fraction of the antimony which decays to the ground state 

of tellurium. 

p + q 1 

The differential equations are solved with the boundary 

conditions that N(X) = 0 at t = 0 for every species X. 

128.1} 	 contriJutionT1e neutron capture 1 to t he tota.1 number o f 

130 
or I atoms is then 	given by 

o-­ 0 JT N(I)dt 
c 

0 



l'l8 

127 129
where o­ neutron capture cross section of I or I,

c 

T total irradiation time, 


127 129

N(I) number of atoms of I or I present at a given time. 

The express ion for 'J (T) is then: 

_ 1 - exp ( -yT)
1 

TtJ (T) 
yT 

2 y 

_ 1 - exp( -(tr) 1 - exp(-yT)
1 1 ­nT yT 

_y_ ( .2£L)
q - CX-Py-et iJ (j, y 

_ 1 - exp(-BT) _ 1 - exp(-yT)
1 1 

pc:ty f3T yT 

(y-f3)(a-f3) f3 y 

82
In the case of the neutron capture correction to Br, it can 

81
be assumed that the mass 81 chain is formed initially at stable Br. 

In this case, we have simply T
1 (T) = 2 

This is the expression used in equation (3) on page 87. 
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